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Due to the vast geographical distribution and significant economic losses 
generated, porcine reproductive and respiratory syndrome virus (PRRSV) can be 
considered the most important swine pathogen of contemporary times. Current control and 
eradication strategies against PRRSV have difficulty succeeding because of their complex 
nature and the absence of an effective vaccine. A major obstacle for PRRSV vaccine 
development is the broad heterogeneity of the virus, both at the genetic and antigenic level, 
its rapid evolution, and an incomplete knowledge of the immune responses responsible for 
clearing the virus from the host. Specifically, how known correlates of protection against 
PRRSV—neutralizing antibodies and T cells—cross-react with heterologous isolates and 
mediate cross-protection is inadequately understood. The objectives of this dissertation 
were (i) to determine the extent of cross-reactivity of immune responses against PRRSV, 
and (ii) to ascertain how cross-reactive immune responses mediate protection against 
heterologous isolates. T cell responses were found to be cross-reactive among PRRSV-2 
isolates, but extremely variable among individual animals, while the neutralizing antibody 
response induced by a single infection with PRRSV was deemed to be solely self-
  
neutralizing. Sequential exposure to heterologous PRRSV-2 isolates elicited neutralizing 
antibodies to the isolates used for infection and challenge, as well as other heterologous 
PRRSV-2 isolates. Furthermore, prior exposure to PRRSV afforded cross-protection 
against heterologous challenge, with reduction in viremia, tissue viral load and the extent 
of microscopic lung lesions; however, protection was still suboptimal. T cell cross-
reactivity between PRRSV-1 and PRRSV-2 was evaluated at the structural protein level 
and was deemed to be feeble or absent. Prior exposure to PRRSV-1 did not prime the T 
cell response against the PRRSV-2 structural proteins after PRRSV-2 challenge. 
Collectively, the results in this dissertation contribute to furthering the understanding of 
immune responses against PRRSV and may be used in the development of a better vaccine. 
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GENERAL INTRODUCTION 
 
Since its emergence approximately three decades ago, PRRSV has made its way to 
almost all large swine producing economies in the world. As the cost associated with the 
disease continue to rise, significant progress in vaccine research and development is yet to 
come. A major hurdle for developing a better vaccine against PRRSV is the high genetic 
and antigenic variability of the virus, which, coupled with its rapidly evolving nature, 
manifests as multiple isolates circulating and emerging within a region, farm, or animal. 
Furthermore, how the known correlates of protection against PRRSV, T cells and 
neutralizing antibodies, may cross-react and mediate protection against heterologous 
isolates is incompletely understood. The principal objectives of this dissertation were (i) to 
determine the extent of cross-reactivity of immune responses against PRRSV, and (ii) to 
ascertain how cross-reactive immune responses mediate protection against heterologous 
isolates. Overall, the purpose was to contribute to the understanding of immune responses 
against PRRSV that could be used to improve the development of vaccines. This 
dissertation consists of five chapters. Chapter I reviews the literature on PRRSV centering 
on the virus, its biology and diversity, the disease it causes, how the immune system 
combats it, and the current strategies for control and prevention, including the latest 
advances in vaccine development. Chapter II describes the materials and methods utilized 
throughout this dissertation. Chapter III reports on the evolution of T cell responses after 
PRRSV infection, the cross-reactivity of immune responses observed in infected animals, 
the relation of genetic divergence and cross-reactivity, and how cellular and humoral 
immune responses against PRRSV associate. Chapter IV describes the cell- and antibody-
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mediated immune responses against PRRSV in previously infected or naïve animals, 
before and after challenge, and the quality of protection achieved by prior PRRSV 
exposure. Finally, Chapter V explores the cross-reactivity between the newly re-classified 
PRRSV species, PRRSV-1 and PRRSV-2, at the structural protein level.  
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CHAPTER I 
LITERATURE REVIEW 
 
1. Overview of porcine reproductive and respiratory syndrome 
The late 1980’s saw the emergence of a new swine disease in the United States 
characterized by severe reproductive losses, respiratory disease, reduction in growth, and 
increased mortality (Keffaber, 1989). Similar outbreaks began to be reported in Europe 
shortly after, and in 1991 the causative agent—a previously unidentified enveloped RNA 
virus—was identified in the Netherlands and named Lelystad virus (Terpstra et al., 1991; 
Wensvoort et al., 1991). The virus was first isolated and characterized in the United States 
later that year and called VR-2332 (Benfield et al., 1992; Collins et al., 1992). The disease, 
initially named “mystery swine disease”, “swine infertility and respiratory syndrome” and 
“porcine epidemic abortion and respiratory syndrome” was finally designated porcine 
reproductive and respiratory syndrome or PRRS, and its etiological agent porcine 
reproductive and respiratory syndrome virus or PRRSV. 
PRRSV infects pigs of all ages. An array of clinical signs can be observed in 
PRRSV-infected pigs, which are most severe in sows and young pigs, and the disease is 
characterized by persistent transmissible infections (Zimmerman et al., 2012). Although it 
was first described in 1987, retrospective studies of swine sera found PRRSV-seropositive 
animals as early as 1979 in Canada and 1986 in the United States (Carman et al., 1995; 
Yoon et al., 1992). The first estimates of PRRSV herd seroprevalence in the United States 
placed it at 33% in 1990 (Bautista et al., 1993b), while the latest available data, from 2006, 
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showed that 71.1% of unvaccinated herds and 49.8% of unvaccinated animals were 
PRRSV seropositive (USDA, 2009). 
An assessment conducted in 2005 revealed that swine producers in United States 
were estimated to lose $560 million each year due to PRRSV-associated declines in 
reproductive health, increase in deaths, and reductions in the rate and efficiency of growth 
(Neumann et al., 2005). Although improvements were made in dealing with the disease in 
growing pigs, by 2013 the economic impact of PRRS had climbed to $664 million in annual 
losses, mainly due to increased costs in the breeding herd (Holtkamp et al., 2013). In 
perspective, these assessments almost double the estimated pre-eradication annual burden 
attributable to classical swine fever virus, at $364 million, and pseudorabies virus (PRV), 
at $36 million, when adjusted to 2004 dollars (Neumann et al., 2005). 
 
2. Porcine reproductive and respiratory syndrome virus 
2.1. Taxonomy 
Until recently, PRRSV was considered one of four species within the genus 
Arterivirus, family Arteriviridae, order Nidovirales. Other species in the genus included 
Equine arteritis virus (EAV), the prototype species, Lactate dehydrogenase-elevating virus 
(LaDV), and Simian hemorrhagic fever virus (SHFV) (Cavanagh, 1997; Faaberg et al., 
2012). A significant reorganization and expansion of the family Arteriviridae was recently 
accepted in order to update the nomenclature and include newly discovered arteriviruses. 
Newly established pairwise sequence comparison of complete coding genome regions and 
open reading frame (ORF) 1b phylogeny were used to determine taxon-specific sequence 
cut-offs (Kuhn et al., 2016). As a result, the family Arteriviridae now includes five genera, 
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Equartevirus, Porartevirus, Simartevirus, Nesatervirus, and Dipatervirus. EAV, Wobbly 
possum disease virus, and African pouched rat virus 1 are the sole members of the genera 
Equartevirus, Dipartevirus, and Nesartevirus, respectively, while SHFV and other non-
primate arteriviruses belong to the genera Simartevirus. The species Porcine reproductive 
and respiratory syndrome virus was split to accommodate the divergence between the 
European or type 1 and North American or type 2 genotypes, which are now considered 
separate species, PRRSV-1 and PRRSV-2, respectively, within the genus Porartevirus, 
which also includes LaDV and Rat arterivirus 1 (Adams et al., 2016; Adams et al., 2017). 
 
2.2. Genome organization and replication 
The PRRSV genome consists of a 14.9–15.5 kilobase (kb) single positive strand of 
RNA that is 3’-polyadenylated and encodes multiple non-structural and structural proteins. 
The virus employs a complex array of replication and expression mechanisms which 
include the rearrangement of host membranes to establish viral replication and transcription 
complexes (RTC), synthesis and expression of genomic RNA, and synthesis and 
expression of subgenomic (sg) messenger RNA (mRNA). 
 
2.2.1. Genome organization 
The PRRSV genome (Figure 1.1) encodes 11 ORFs flanked by 5’ and 3’ 
untranslated regions (UTR). The large overlapping replicase ORF1a/b occupies the 5’-
proximal three-quarters of the genome, which gives rise to four distinct polyprotein (pp) 
products that are co-translationally and post-translationally processed into 16 distinct non-
structural proteins (nsps) by virally-encoded proteinases (Kappes and Faaberg, 2015).  
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The autocatalytic processing of pp1a, encoded by ORF1a, yields ten nsps: nsp1α, 
nsp1β, nsp2, nsp3, nsp4, nsp5, nsp6, nsp7α, nsp7β, and nsp8 (Li et al., 2012). ORF1b 
translation requires a programmed -1 ribosomal frameshift (PRF) that allows for the 3’ 
extension of ORF1a into ORF1b to generate pp1ab, which in turn yields the ten nsps 
encoded in pp1a plus nsp 9 through 12 (Snijder et al., 2013). Of the four virally encoded 
proteases described for PRRSV, three are papain-like cysteine proteinases (PLPs) residing 
in nsp1α (PLP1a), nsp1β (PLP1b), and nsp2 (PLP2), and one is a serine proteinase (SP) in 
nsp4. PLP1a cleaves the nsp1α-nsp1β junction and PLP1b cleaves the nsp1β-nsp2 junction, 
whereas PLP2 is responsible for cleaving nsp2 from nsp3 and the main SP processes all 
remaining nsp products (Li et al., 2015).  
A recently described PRF site located within the nsp2 coding region is responsible 
for generating ORF1a’, which yields two additional nonstructural protein products: a -2 
PRF produces an nsp2-related transframe protein designated nsp2-TF, and a -1 PRF yields 
a truncated nsp2 variant named nsp2-N (Fang et al., 2012; Li et al., 2014). A highly 
conserved putative RNA-binding motif located within the PLP1b domain of nsp1β is 
responsible for the transactivation of this PRF, which otherwise lacks any obvious 
stimulatory RNA secondary structure (Li et al., 2014). 
The PRRSV structural proteins are encoded by eight overlapping ORFs contained 
within a set of six sg mRNAs that are generated via negative-strand intermediates from the 
3’ portion of the genome. Regardless of their polycistronic nature, most sg mRNA are 
functionally monocistronic (Meng, 2000; Meng et al., 1996). 
Flanking the protein coding regions, the 5’UTR and 3’UTR of arteriviruses hold 
conserved RNA structures considered essential components for viral replication and 
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protein translation. The 5’UTR is likely to contain a cap structure, and contains the leader 
transcription regulatory sequence (TRS) hairpin that is essential for sg mRNA synthesis 
(Sagripanti et al., 1986; van den Born et al., 2004). 
 
2.2.2. Viral replication sites 
A hallmark of all positive-stranded RNA virus replication is the formation of 
organelle-like structures to replicate their genome using host membrane modifications 
(Romero-Brey and Bartenschlager, 2014). It has been proposed that the association of viral 
RNA synthesis with dedicated membranes affords viruses three advantages: it confines 
viral RNA synthesis to compartments where viral proteins and precursors can be optimally 
concentrated, it spatially distributes and coordinates the various processes of the infectious 
cycle, and it shields double stranded RNA species preventing or delaying their recognition 
by the host’s innate immune responses (van der Hoeven et al., 2016). For EAV, the 
formation of these dedicated membranes—called double membrane vesicles (DMVs)—
was shown to require the presence of both nsp2 and nsp3 (Snijder et al., 2001). 
 
2.2.3. Genome replication 
Upon entry into the cell, the PRRSV genome acts as template for the synthesis of 
the replicase polyproteins encoded in ORF1a/b, which is presumably initiated by ribosomal 
scanning (van den Born et al., 2005). ORF1b encodes the nsps responsible for PRRSV 
genome replication: nsp9, the RNA-dependent RNA polymerase (RdRp), nsp10, the RNA 
helicase, and nsp11, the nidovirus uridylate-specific endoribonuclease (NendoU) (Snijder 
et al., 2013). 
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The RdRp, the catalytic subunit within the RTC, is able to initiate de novo RNA 
synthesis in the absence of other viral or cellular proteins in a template-specific and primer-
independent manner; however, it was postulated that the RdRp might require additional 
viral or cellular co-factors to perform effectively (Beerens et al., 2007). Unlike other 
members of the order Nidovirales, the arterivirus RdRp lacks 3’ proofreading capacity, 
which contributes to a high rate of random mutations (Kappes and Faaberg, 2015). The 
RdRp is responsible for synthesizing a genome-length minus strand, or anti-genome, that 
will subsequently serve as template for the generation of new viral genomes.  
 
2.2.4. Synthesis of subgenomic messenger RNAs 
PRRSV structural proteins are encoded by a set of six 3’-co-terminal nested sg 
mRNAs (Meng et al., 1996). The viral RdRp is responsible for synthesizing sg mRNAs 
that contain the 5’UTR and the polyadenylated 3’UTR and one or more ORFs from the 3’ 
region of the genome, but lack the large replicase ORF1a/b (den Boon et al., 1996). 
Arteriviruses use a form of discontinuous RNA transcription, a mechanism resembling 
copy-choice RNA recombination, where through base pairing of short conserved TRSs the 
5’UTR (leader TRS) fuses to one of many downstream 3’ sites (body TRS). The process 
first requires the generation of negative strand sg RNAs which will be subsequently used 
to synthesize sg mRNAs (Pasternak et al., 2001; van Marle et al., 1999). The abundance of 
sg mRNAs can be correlated with the stability of the duplex between leader and body TRS 
sites (Pasternak et al., 2004). 
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2.3. Viral structure and assembly 
The PRRSV virion is enveloped, pleomorphic, roughly spherical or oval with an 
average diameter of 58 nm (Spilman et al., 2009). The PRRSV genome is encapsidated by 
the N protein and the viral envelope contains two major proteins— glycoprotein (GP) 5 
and M—and five minor proteins, GP2, GP3, GP4, E, and the recently discovered ORF5a 
protein (Dokland, 2010; Johnson et al., 2011). The viral particles are smooth, probably due 
to the small ectodomains of the major envelope proteins; yet, a few 10-15 nm protrusions 
can be observed, likely corresponding to the less abundant minor glycoproteins (Spilman 
et al., 2009). The buoyant density of the particle is 1.19 in cesium chloride, 1.14 in sucrose, 
and 1.19 g/cm in a glycerol-tartrate gradient (Wensvoort et al., 1992).  
 
2.3.1. Nucleocapsid 
The nucleocapsid core of the PRRSV particle is separated from the envelope by a 
3 nm gap and consists of a 10-11 nm thick two-layered shell that surrounds a hollow central 
cavity averaging 13-14 nm in diameter (Spilman et al., 2009). Although the conformation 
of the nucleocapsid is yet unknown, it has been suggested that it may adopt a helical or 
loosely organized filamentous structure, resembling that of coronaviruses (Dokland, 2010). 
The 15-kDa N protein, encoded by ORF7, is highly basic, interacts with the viral 
RNA to form the viral nucleocapsid, and constitutes about 20-40% of the protein content 
of the virion (Bautista et al., 1996). The N protein is phosphorylated and is incorporated 
into virions a disulfide-linked homodimer, and both protein oligomerization and direct 
RNA binding motifs have been implicated in RNA binding (Wootton et al., 2002; Wootton 
and Yoo, 2003). Although the PRRSV life cycle occurs in the cytoplasm, the N protein has 
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been found to localize in the nucleus and nucleolus of infected cells (Rowland et al., 
1999a). 
 
2.3.2. Major envelope proteins 
The non-N-glycosylated 16-kDa M protein, encoded by ORF6, and the N-
glycosylated 25-kDa GP5, encoded by ORF5, form a disulfide-linked heterodimer on the 
PRRSV envelope that is deemed crucial for viral particle assembly and budding (Mardassi 
et al., 1996; Wissink et al., 2005). GP5 is the most variable structural protein of PRRSV, 
sharing only ~50% amino acid homology between PRRSV-1 and PRRSV-2. Strains and 
isolates within each species share ~88% and 89-94% GP5 amino acid identity, respectively 
for PRRSV-1 and PRRSV-2 (Andreyev et al., 1997; Meng et al., 1995b; Suarez et al., 
1996). The number of N-glycosylation sites of GP5 is variable. Ansari et al. (2006) showed 
that of the predicted N-glycosylation sites of GP5—located on sites 34, 44, and 51—the 
one mapped to reside 44 was essential for viral infectivity; however, Wei et al. (2012a) 
later demonstrated that mutation of individual N-glycosylation sites in GP5—mapped to 
residues 30, 34, 44, and 51—did not have such an effect.  
 
2.3.3. Minor glycoprotein heterotrimer 
The PRRSV minor envelope glycoproteins GP2 (29–30-kDa), GP3 (45–50-kDa), 
and GP4 (31–35-kDa) are encoded by ORF2a, ORF3, and ORF4, and contain two, seven, 
and four potential N-glycosylation sites, respectively (Meulenberg and Petersen-den 
Besten, 1996; van Nieuwstadt et al., 1996). Although they are considered essential for viral 
infectivity, they were found not to be essential for viral particle assembly (Wissink et al., 
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2005). All three minor glycoproteins are incorporated into the virion in smaller proportions 
than the major envelope proteins and the N protein (de Lima et al., 2009; van Nieuwstadt 
et al., 1996). 
Wissink et al. (2005) first reported that GP2, GP3, GP4, and the E protein were 
assembled into virions as a multimeric complex that jointly migrated through the Golgi 
complex and, unless expressed together, were retained in the endoplasmic reticulum (ER). 
It was later demonstrated that all three minor glycoproteins interact with each other, GP2 
and GP4 interact with the major envelope glycoprotein GP5, and GP4 plays a central role 
in the generation of the heterotrimer and its interaction with GP5 (Das et al., 2010).  
Das et al. (2011) established that to produce infectious PRRSV particles N-
glycosylation at position 184 of GP2, positions 42, 50, and 131 of GP3, and any three of 
the four sites of GP4 were essential; however, Wei et al. (2012b) later demonstrated that 
the lack of N-glycosylation at the aforementioned positions had no effect on virus recovery, 
and that the absence of one or two N-glycosylation sites on GP4 were not lethal, but the 
absence of three was. Moreover, it was demonstrated that both N-glycosylation sites on 
GP2 were deemed dispensable for particle assembly and infectivity of PRRSV-1 (Wissink 
et al., 2004).  
 
2.3.4. Small envelope (E) and ORF5a proteins 
Encoded by ORF2b, the 10-kDa E protein is dispensable for PRRSV virion 
assembly but essential for viral infectivity, and has been implicated in promoting the 
uncoating of the virion and release of the viral genome into the cytoplasm (Lee and Yoo, 
2006; Wu et al., 2001). The ORF5a transmembrane protein (5–6 kDa) is encoded by the 
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same RNA sequence that encodes the hypervariable glycosylation-rich ectodomain region 
of GP5, and has been found to be essential for virus viability and to interact with GP4 and 
the E protein (Johnson et al., 2011; Robinson et al., 2013; Sun et al., 2013; Sun et al., 2015). 
 
2.3.5. Assembly and release 
Little is known about the morphogenesis and assembly of PRRSV particles. The 
arterivirus-induced DMVs and the ER form a reticulovesicular network which intertwines 
with tubules abundant in N protein, and it has been hypothesized that morphogenesis and 
assembly are coordinated in said space and that genome encapsidation is initiated at the 
site of RNA synthesis (Knoops et al., 2012; Tijms et al., 2002). PRRSV nucleocapsids were 
shown to bud from the smooth ER and accumulate in the lumen of the ER or Golgi vesicles, 
and it has been suggested that the N protein self-associative properties likely provide the 
basis for nucleocapsid assembly (Dea et al., 1995; Pol et al., 1997; Wootton and Yoo, 
2003). Wieringa et al. (2004) proposed that the newly synthesized nucleocapsids are likely 
to bind to exposed domains of the envelope proteins in the process of viral budding, and 
Dea et al. (1995) showed that the viral particles accumulated in the infected cells are 
released by exocytosis. 
 
2.3. Virus-host interactions 
2.3.1. Tropism, receptors, and entry 
PRRSV has a very limited tropism of cells and hosts, primarily replicating in 
porcine alveolar macrophages (PAM) and macrophages of lymphoid tissues of pigs (Duan 
et al., 1997b; Mardassi et al., 1994; Teifke et al., 2001). Macrophage precursor cells, such 
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as bone marrow cells, peripheral blood monocytes, and peritoneal macrophages are largely 
refractory to PRRSV infection (Duan et al., 1997a, b). Loving et al. (2007) demonstrated 
that monocyte-derived dendritic cells (DCs)—that may still retain specific characteristics 
of monocytes/macrophages—are permissive to PRRSV infection, but primary lung DCs 
are not. The MA-104 African green monkey kidney cell line, and its derivatives MARC-
145 and CL 2621 cells, can support PRRSV replication and are widely used in research 
(Bautista et al., 1993a; Benfield et al., 1992; Kim et al., 1993). 
Heparan sulfate, vimentin, CD151, CD163, sialoadhesin (SIGLEC1 or CD169), 
and DC-SIGN have all been implicated as potential cellular receptors for PRRSV (Van 
Breedam et al., 2010). 
CD163 was identified by direct functional screening of a complementary DNA 
(cDNA) expression library derived from PAM, and it conferred PRRSV-permissiveness to 
otherwise non-permissive cell lines (Calvert et al., 2007). GP2 and GP4 have been shown 
to mediate the interaction with certain domains of CD163, and their N-glycosylation status 
was shown to be of cardinal importance (Das et al., 2010; Das et al., 2011; Van Gorp et al., 
2010; Wei et al., 2012b). Tian et al. (2012) demonstrated that a chimeric PRRSV encoding 
the GP2-4 and E protein of EAV acquired the broad tropism typical of EAV, and 
Whitworth et al. (2016) showed that CD163-knockout pigs were completely refractory to 
PRRSV infection. Thus, it is widely accepted that CD163 is the major cellular receptor for 
PRRSV, and its interaction with the minor envelope glycoproteins is responsible for viral 
tropism. Nonetheless, the sole presence of CD163 in many cell lines does not grant 
permissiveness to PRRSV infection, and it has been suggested that other molecules, 
including sialoadhesin, could be also involved in this process (Welch and Calvert, 2010). 
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Recently, it was reported that PRRSV-1 and PRRSV-2 interact with different motifs of 
CD163 (Wells et al., 2017). Virions enter the cell through receptor-mediated, clathrin-
dependent endocytosis, followed by fusion of endocytic vesicles with endosomes, where 
low pH is required for virus uncoating (Kreutz and Ackermann, 1996; Nauwynck et al., 
1999). 
 
2.3.2. Viral modulation of innate immune responses 
Type I interferons (IFNs) IFN-α and IFN-β—a critical component of the innate 
immune response—are potent antiviral cytokines that induce cellular antiviral proteins, 
enhance antigen presentation, and promote adaptive immune responses (McNab et al., 
2015). IFN-α response during PRRSV infection can be characterized as meager or null, 
which suggests that the virus may actively suppress type I IFN production. Six proteins of 
PRRSV have been implicated in type I IFN antagonism: nsp1α, nsp1β, nsp2, nsp4, nsp11, 
and N (Albina et al., 1998a; Beura et al., 2010; Sagong and Lee, 2011). 
Type I IFN suppression has been extensively demonstrated for nsp1 and its two 
subunits (nsp1α and nsp1β). Beura et al. (2010) were the first to report that five PRRSV 
nsps (nsp1α, nsp1β, nsp2, nsp4, and nsp11) had strong to moderate inhibitory effect on the 
activation of the IFN-β promoter. Blocking of the type I IFNs response by nsp1α has been 
shown to occur through CREB-binding protein degradation, inhibition of nuclear factor 
(NF)-kB signaling, and inhibition of the tumor necrosis factor (TNF)-α promoter (Han and 
Yoo, 2014; Ke and Yoo, 2017). The mechanisms by which nsp1β suppresses type I IFNs 
include inhibition of IFN regulatory factor (IRF) 3 phosphorylation, NF-κB nuclear 
translocation, STAT1 phosphorylation and nuclear translocation, IFN-stimulated gene 
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(ISG) factor 3 nuclear translocation, and suppression of the TNF-α promoter, among others 
(Han and Yoo, 2014; Sun et al., 2012). It was recently demonstrated that nsp1α triggers the 
degradation of the swine leukocyte antigen (SLA) class I in a ubiquitin proteasome 
dependent fashion, further interfering with the host’s immune responses (Du et al., 2015). 
The PLP2 domain of nsp2 antagonizes type I IFN induction by interfering with the 
NF-κB signaling pathway and inhibiting the phosphorylation and nuclear translocation of 
IRF3 and the antiviral function of ISG15 (Wang and Zhang, 2014). The SP domain of nsp4 
antagonizes NF-κB, while the NendoU domain of nsp11 blocks the phosphorylation and 
nuclear translocation of IRF3, inhibits NF-κB signaling, and suppresses the expression of 
the cytoplasmic antiviral receptors MAVS and RIG-I (Ke and Yoo, 2017; Sun et al., 2012) 
While the N protein was found to suppress type I IFN production by inhibiting IRF3 
phosphorylation and nuclear translocation, it was also found to activate NF-κB (Sagong 
and Lee, 2011; Sun et al., 2012). 
PRRSV infection reduces or suppresses IFN-α and pro-inflammatory cytokine 
production in plasmacytoid dendritic cells (pDCs)—a DC subset capable of producing 
large amounts of IFN-α—by downregulating the expression of interferon regulatory genes, 
and was shown to repress natural killer (NK) cell cytotoxicity independent of NK cell 
frequency (Calzada-Nova et al., 2011; Dwivedi et al., 2012). Because cell-mediated 
immunity relies on IFN-α and pDCs for maturation, the meager IFN-α response to PRRSV 
is expected to negatively impact the host’s adaptive immune responses (Loving et al., 
2015). 
 
16 
 
2.3.3. Mechanisms of cell injury 
Four mechanisms of cell injury have been studied for PRRSV: apoptosis of infected 
macrophages and surrounding cells, production of pro-inflammatory and 
immunomodulatory cytokines, polyclonal B cell activation, and reduced phagocytosis and 
killing of bacteria by macrophages. 
In PRRSV-infected animals’ apoptosis was shown to occur in both lung and 
lymphoid tissue; however, it was observed mostly in PRRSV-uninfected cells, suggesting 
that PRRSV-mediated apoptosis affects bystander cells through an indirect mechanism 
(Sirinarumitr et al., 1998; Sur et al., 1998). PRRSV-induced apoptosis was shown to be 
dependent on the activation of caspase-8 and caspase-9—signaling through both the 
extrinsic and intrinsic pathway—and multiple and complex pathways have been implicated 
in this process (Lee and Kleiboeker, 2007). 
The synthesis and presence of the pro-inflammatory cytokines interleukin (IL)-1 
and IL-6, that cause pyrexia, inflammation, and promote the infiltration and activation of 
leukocytes, was found to be upregulated in the lungs of PRRSV-infected pigs (Liu et al., 
2010; Van Reeth et al., 1999). The immunomodulatory cytokine IL-10—responsible for 
inhibiting the production of pro-inflammatory cytokines—was also shown to be 
upregulated in pigs infected with PRRSV (Suradhat and Thanawongnuwech, 2003). 
Nonetheless, even though it is widely accepted that PRRSV suppresses IFN-α and TNF-α 
production in infected animals, certain PRRSV isolates have been shown to enhance it (Liu 
et al., 2010). 
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2.4. Phenotype and genotype diversity 
Due to a concurrent emergence and similar disease syndromes, until recently, 
PRRSV-1 and PRRSV-2 were considered two genotypes of the same virus species. 
However, PRRSV-1 and PRRSV-2 are antigenically distinct viruses that share common 
antigenic epitopes with moderately conserved genomes (Murtaugh et al., 1995; Nelsen et 
al., 1999; Nelson et al., 1993). 
RNA polymerase infidelity is primarily responsible for the ever-increasing 
diversity of PRRSV. PRRSV calculated nucleotide substitution rates are very high; 
however, no biochemical data is available on the base incorporation specificity for the viral 
replication complex (Murtaugh et al., 2010). PRRSV diversity can also be attributed to the 
contribution of genomic recombination, which has been demonstrated computationally and 
experimentally (Murtaugh et al., 2001; Murtaugh et al., 2002; van Vugt et al., 2001). 
Only about 60% nucleotide similarity exists between PRRSV-1 and PRRSV-2 
(Murtaugh et al., 2010). Nine lineages have been proposed and defined using ORF5 
phylogeny for PRRSV-2, seven of which include predominantly North American isolates, 
and two contain exclusively East Asian isolates (Shi et al., 2010b). For PRRSV-1, genetic 
and biological studies support its subdivision into three subtypes considering ORF5 and 
ORF7 genetic diversity (Stadejek et al., 2013). 
Canada has been suggested as the potential origin of PRRSV-2, due to having the 
earliest record of a positive serum sample (Carman et al., 1995; Shi et al., 2010a), while 
Eastern Europe has been hypothesized to be the origin of PRRSV-1 (Stadejek et al., 2006). 
Hanada et al. (2005) proposed that PRRSV-1 and PRRSV-2 diverged not long before 
emergence, somewhere between the early 1970’s and mid 1980’s, which was followed by 
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an extremely high substitution rate; nevertheless, this scenario was immediately questioned 
due to inappropriate methodology and the use an uninformative data set (Forsberg, 2005). 
Alternatively, and using an expanded ORF3 dataset, Forsberg (2005) proposed an early 
divergence between PRRSV-1 and PRRSV-2, around the late 1800’s, followed by a long 
independent evolution in the two continents. 
Two hypothesis have been suggested for the origin of PRRSV. Plagemann (2003) 
maintains that PRRSV had an LaDV-like ancestor circulating in rodents that was adapted 
to Eurasian wild boars. Wild boars from Europe were introduced into the United States in 
the early 1900’s, and it has been hypothesized that PRRSV evolved separately in the wild 
boar population before its introduction into the domestic pig population; however, PRRSV 
prevalence studies in wild boars argue against this theory (Plagemann, 2003; Reiner et al., 
2009). Alternatively, Murtaugh et al. (2010) suggest a single Eurasian origin of PRRSV, 
followed by a translocation of infected swine to North America, after which the virus 
evolved independently in both Eurasia and North America for an indeterminate period 
giving rise to PRRSV-1 and PRRSV-2, respectively. 
 
3. Epidemiology and pathogenesis 
PRRSV is distributed worldwide, including the three largest swine producing 
regions in the world: China, the European Union, and the United States. Because available 
serology tests do not differentiate virus-exposed from vaccinated animals, PRRSV 
seroprevalence is difficult to estimate; however, 71.1% of unvaccinated herds and 49.8% 
of unvaccinated animals in the United States were PRRSV seropositive in 2006 (USDA, 
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2009). Although PRRSV infects only domestic and feral pigs, seroprevalence studies show 
a very low prevalence in wild boars (Saliki et al., 1998; Wyckoff et al., 2009). 
 
3.1. Transmission, infection, and shedding 
PRRSV infection can occur both directly and indirectly. PRRSV horizontal 
transmission has been described for the intranasal, intramuscular, oral, and vaginal routes, 
and the probability that a given dose will infect an animal differs by the route of exposure 
and isolate (Benfield et al., 2000; Cutler et al., 2011; Hermann et al., 2005; Hermann et al., 
2009; Yoon et al., 1999). Husbandry practices, such as ear notching, tail docking, and teeth 
clipping could lead to PRRSV exposure, and percutaneous (parenteral) exposure is the 
route with the lowest minimum infectious dose (Pileri and Mateu, 2016). Otake et al. 
(2002) demonstrated that transmission of PRRSV could be achieved through contaminated 
needles and Bierk et al. (2001) suggested that biting and fighting between animals could 
result in PRRSV exposure. PRRSV transplacental infection occurs in late-term gestation 
and results in fetal death or birth of infected pigs that are weak or appear normal 
(Karniychuk and Nauwynck, 2013). 
Transmission of PRRSV between herds occurs through the introduction of animals, 
semen, and—less likely—aerosol transmission (Goldberg et al., 2000; Mortensen et al., 
2002). Upon entering a naïve herd, an epidemic phase lasting 1–5 months ensues, where 
all pigs get infected with PRRSV, after which infection becomes endemic, usually when a 
majority of animals achieve a protective immunity (Pileri and Mateu, 2016). PRRSV tends 
to circulate within a herd indefinitely. The continual availability of susceptible animals, 
either through birth, purchase, or loss of protective immunity, sustains persistence PRRSV, 
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and is more likely to occur as the herd size increases and when gilts are not properly 
isolated from sows (Evans et al., 2010; Nodelijk et al., 2000). 
PRRSV infection is chronic and persistent. Viremia can be detected up to a month 
post infection (PI) or more, while viral replication can be detected up to 150 days post 
infection (DPI) or more in lymphoid tissue (Allende et al., 2000; Horter et al., 2002; Wills 
et al., 1997b). PRRSV persistence has been described in pigs exposed in utero, as a young 
animal and as an adult, and seems to last for 3–4 months PI, after which it is cleared by the 
host (Bierk et al., 2001; Christopher-Hennings et al., 1995; Rowland et al., 1999b; Wills et 
al., 2003). 
PRRSV-infected animals shed virus in saliva, nasal secretions, urine, semen, and 
less frequently in milk and feces (Christianson et al., 1993; Rossow et al., 1994; Swenson 
et al., 1994; Wagstrom et al., 2001; Wills et al., 1997a). Cho et al. (2006) reported that 
shedding of virus from infected animals is dependent on the pathogenicity of the isolate. 
 
3.2. Pathogenesis, clinical signs, and lesions 
Immediately after exposure to PRRSV, viral replication occurs in local permissive 
macrophages after which the virus spreads to lungs, lymphoid and other tissues. Viremia 
can be detected as early as 12 hours PI—most pigs develop viremia by 24 hours PI—and 
peaks at 7–14 DPI (Rossow et al., 1995). After peaking, viremia decreases rapidly, and 
most pigs are not viremic by 28 DPI; however, persistent infection continues in tonsil 
and/or lymph nodes for extended periods of time, where virus is produced by a low level 
of continuous replication (Allende et al., 2000; Wills et al., 2003). 
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Different clinical presentations of PRRSV infection can be observed depending on 
the age of the pig, pregnancy status, and stage of gestation of the sow or gilt. Reproductive 
failure occurs due to late-term exposure of pregnant sows or gilts, and litters are composed 
of any combination of normal pigs, weak variably sized pigs, and dead pigs that are fresh 
stillborn, autolytic, partially mummified, or completely mummified fetuses (Christianson 
et al., 1992; Mengeling et al., 1998). Sows have delayed return to estrus, low conception 
rate, and, infrequently, agalactia (Hopper et al., 1992). In suckling pigs—infected in utero 
or at (or shortly after) birth—PRRS is characterized by severe dyspnea and tachypnea and 
high pre-weaning mortality, while weaning and grower pigs experience anorexia, lethargy, 
dyspnea (or hyperpnea), reduction in average daily gain, and an increase in mortality due 
to concurrent bacterial infections (Hopper et al., 1992; Stevenson et al., 1993). PRRSV-
infected boars may lack libido and have variable reduction in semen quality, in addition to 
anorexia, lethargy, and respiratory clinical signs (Done et al., 1996; Prieto et al., 1996). In 
breeding herds, endemic PRRS is sustained by subclinical infections, with occasional small 
outbreaks of clinical PRRS in gilts and, less commonly, in sows (Dee and Joo, 1994; 
Hopper et al., 1992). 
Gross lung lesions associated with PRRSV vary from none to multifocal tan-
mottled consolidation, and are commonly complicated by lesions arising from associated 
bacterial infections (Done and Paton, 1995; Halbur et al., 1995b). In young pigs, lymph 
nodes are markedly enlarged and vary from solid to polycystic (Halbur et al., 1995a; 
Rossow et al., 1994). Aborted fetuses due to PRRSV are late term and the body condition 
ranges from fresh to autolyzed (Christianson et al., 1992; Lager and Mengeling, 1995). 
Microscopically, lung lesions are characterized by septal thickening, alveoli lined by 
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hypertrophied and hyperplastic type II pneumocytes, hypertrophy of peribronchial 
lymphoid tissue, and lymphoplasmacytic perivascular cuffing (Halbur et al., 1993; Rossow 
et al., 1995). Lymphoid tissue lesions include germinal center hypertrophy and hyperplasia, 
germinal center necrosis, and multiple cystic spaces with polykaryocytes (Halbur et al., 
1995b; Rossow et al., 1994). Other microscopic findings include vasculitis varying in 
severity, myocarditis, and encephalitis (Halbur et al., 1995b; Rossow et al., 1994). Rarely, 
PRRSV-induced severe meningoencephalitis has been found to occur (Rossow et al., 
1999). 
 
4. Adaptive immune responses 
Although PRRSV infection is chronic and persistent, most pigs successfully clear 
the virus 3–4 months PI (Allende et al., 2000). Protective immunity against PRRSV can be 
achieved, and both antibody-mediated and cell-mediated immune responses have been 
studied in the context of PRRSV infection; however, the details behind the significant 
amount of time required for clearance and disease resolution are still elusive. 
 
4.1. Antibody-mediated immune responses 
Antibodies against PRRSV can be detected as early as 7–9 DPI, but early antibodies 
have been proven to lack virus neutralizing activity both in vitro and in vivo (Lopez et al., 
2007; Yoon et al., 1994). PRRSV-neutralizing antibodies can be detected no earlier than 
28 DPI, and up to 6 months PI or more; however, PRRSV still manages to persist in tissues 
and continues to be shed in their presence (Allende et al., 2000; Bierk et al., 2001; Meier 
et al., 2003; Nelson et al., 1994; Yoon et al., 1994). 
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4.1.1. Non-neutralizing antibodies 
PRRSV-specific immunoglobulin (Ig) M against GP5 and the M and N proteins is 
first detected at 7 DPI, peaks at 14–21 DPI, and becomes undetectable by 35–42 DPI, while 
PRRSV-specific IgG peaks at 21–28 DPI and remains high through the persistent phase of 
infection (Loemba et al., 1996; Nelson et al., 1994). Long-lasting antibody responses 
targeted towards nsp1, nsp4, nsp7, and—to a lesser extent—nsp8 have been described 
(Brown et al., 2009). 
Non-neutralizing antibodies against PRRSV have been linked to antibody-
dependent enhancement (ADE) of infectivity. In vitro, sub-neutralizing amounts of 
PRRSV-specific IgG were able to increase PRRSV yields and infection rates; however, 
significant differences were found between isolates (Gu et al., 2015; Yoon et al., 1997; 
Yoon et al., 1996). In contrast, Delputte et al. (2004) were unable to demonstrate ADE for 
PRRSV-1 in vitro. In vivo, passive transfer of non-neutralizing or sub-neutralizing IgG 
followed by infection with PRRSV showed greater duration of viremia, increased rectal 
temperatures, and interstitial pneumonia (Lopez et al., 2007; Yoon et al., 1996); 
nonetheless, Lopez et al. (2007) argued that the increased rectal temperature and interstitial 
pneumonia they observed could be attributed to pro-inflammatory cytokines co-salted out 
with the IgG fractions. 
 
4.1.2. Neutralizing antibodies 
Albina et al. (1992) were the first to describe the presence of neutralizing antibodies 
in PRRSV-infected animals. Passive transfer studies proved that homologous neutralizing 
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antibodies could protect sows and weaned pigs from viremia and, in certain cases, afford 
them sterilizing immunity (Lopez et al., 2007; Osorio et al., 2002). The breadth and 
contribution to cross-protection of heterologous neutralizing antibody response against 
PRRSV is unclear. Kim et al. (2007) showed that sera from pigs inoculated with diverse 
PRRSV-2 isolates effectively neutralized homologous virus, but meager cross-
neutralization was observed. Choi et al. (2016) further demonstrated the absence of cross-
neutralizing antibodies between PRRSV-1- and PRRSV-2-infected animals. Using a panel 
of 30 hyperimmune monospecific sera and 39 PRRSV-1 isolates it was established that 
certain PRRSV-1 isolates were more prone to cross-neutralization than others (Martinez-
Lobo et al., 2011). Recently, broadly cross-neutralizing antibodies have been described in 
commercial sows after multiple PRRSV exposures (Robinson et al., 2015).  
Targets of neutralizing antibodies have been mapped to GP3, GP4, GP5, and the M 
protein (Cancel-Tirado et al., 2004; Costers et al., 2010; Delputte et al., 2004; Ostrowski 
et al., 2002; Plagemann et al., 2002; Vanhee et al., 2011; Zhou et al., 2012). Several 
mechanisms have been proposed for PRRSV evasion of neutralizing antibodies. The 
absence of N-linked glycosylation in GP3 and GP5 was determined to enhance both the 
sensitivity of PRRSV to neutralization and its ability to rapidly elicit robust neutralizing 
antibodies in vivo (Ansari et al., 2006; Vu et al., 2011). A decoy epitope in GP5, described 
by Ostrowski et al. (2002), was shown to induce a rapid non-neutralizing antibody response 
in detriment of neutralizing antibodies targeting a nearby epitope. 
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4.2. Cell-mediated immune responses 
A transient reduction in CD4+ T cells, at 3–7 DPI, followed by a return to normal 
levels by 7–14 DPI, can be observed in PRRSV-infected animals, while the number of 
CD8+ T cells is increased in both blood and lung (Albina et al., 1998b; Nielsen and Botner, 
1997; Samsom et al., 2000). Furthermore, γδ T cells are elevated in PRRSV-infected 
animals from 14 DPI through 70 DPI and increases in both CD8+ and CD4+/CDα+ double-
positive (DP) T cells can be observed in lymphoid tissue (Gomez-Laguna et al., 2009; Olin 
et al., 2005). Correspondingly, piglets infected in utero with PRRSV exhibit a reduced 
number of CD4+ T cells at birth that lasts for two weeks, and a substantial increase in the 
number of CD8+ T cells (Feng et al., 2002; Nielsen et al., 2003). 
Bautista and Molitor (1997) showed that the PRRSV-specific T cell proliferation 
response could be first detected at four weeks PI, peaked at seven weeks PI, and declined 
after 11 weeks PI. Antigen-induced proliferation of γδ T cells showed similar kinetics (Olin 
et al., 2005). Lymphoprolipheration studies showed that the PRRSV GP5, M, and N 
proteins were the strongest inducers of cell-mediated immunity (Bautista et al., 1999). 
The cell-mediated immunity to PRRSV, measured by the frequency of PRRSV-
specific IFN-γ secreting cells (SC) in peripheral blood mononuclear cells (PBMC), is weak 
and late to appear, but is prolonged and relatively stable once established (Meier et al., 
2003). PRRSV-specific IFN-γ SC are undetectable until three weeks PI, stay moderately 
low for the subsequent ten weeks, followed by a gradual and steady surge (Meier et al., 
2003). Xiao et al. (2004) were able to detect antigen-specific IFN-γ SC as early as two 
weeks PI, and observed that PRRSV-specific T cells in peripheral blood showed substantial 
variation over time and among animals. They further proved the absence of any correlation 
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between PRRSV load and PRRSV-specific T cell frequencies in lung and lymphoid tissue 
both at the acute and chronic stages of the disease (Xiao et al., 2004). Phenotypic analysis 
performed by Meier et al. (2003) revealed that the majority of PRRSV-specific IFN-γ SC 
were CD4+/CDα+ DP T cells, with a smaller proportion (~20%) of CD4-/CD8αβ+ 
cytotoxic T cells. Porcine CD4+/CD8+ DP T cells have been associated with immune 
memory function and shown to have B cell helper function (Zuckermann, 1999). T cell 
epitopes have been mapped to nsp2, nsp9, and nsp10, and the structural proteins GP4, GP5, 
M, and N (Burgara-Estrella et al., 2013; Diaz et al., 2009; Parida et al., 2012; Vashisht et 
al., 2008; Wang et al., 2011). 
Together with neutralizing antibodies, cell-mediated immunity has been 
hypothesized to be a correlate of protection against PRRSV. Variable levels of protection 
can be achieved in the absence of neutralizing antibody titers, which leads to the belief that 
cell-mediated immunity contributes to protection against PRRSV (Roca et al., 2012; Trus 
et al., 2014; Zuckermann et al., 2007). Charerntantanakul et al. (2006) determined the 
existence of robust correlations between the percentage of IFN-γ+ cells in PBMC and the 
reduction of lung lesions and viremia after PRRSV challenge. 
 
5. Prevention and control 
5.1. Diagnosis 
PRRSV should be suspected in any herd with reproductive diseases in breeding 
swine and/or respiratory disease in pigs of any age; however, the absence of clinical signs 
should not rule out PRRSV infection. Differential diagnosis of PRRSV include classical 
swine fever virus, cytomegalovirus, hemagglutinating encephalomyelitis virus, 
27 
 
leptospirosis, parvovirus, porcine circovirus 2, pseudorabies virus, swine influenza virus, 
and teschovirus  (Zimmerman et al., 2012). 
For optimum isolation of PRRSV from clinical samples, both PAM and MARC-
145 cells are recommended (Yoon et al., 2003). Microscopically, PRRSV antigen can be 
visualized in tissue sections of infected animals, such as lung, by either 
immunohistochemistry or immunofluorescence using monoclonal antibodies targeting the 
N protein (Halbur et al., 1994; Rossow et al., 1995). Commercially available real time 
reverse transcription (RT)-polymerase chain reaction (PCR) can be employed for the 
detection of PRRSV in serum, semen, tissues, and oral fluids (Prickett et al., 2008; Rovira 
et al., 2007). 
Serological diagnosis of PRRSV can be accomplished by indirect fluorescent 
antibody (IFA) assay, enzyme-linked immunosorbent assay (ELISA), and serum virus 
neutralization (SVN) assay. Of these, commercial ELISAs are deemed sensitive, specific, 
and easy to use (Rossow, 1998; Yoon et al., 2003). 
 
5.2. Prevention, control, and eradication strategies 
PRRSV prevention strategies are geared towards impeding the entry of the virus 
into negative herds and the introduction of new viral variants into infected herds. To 
achieve this purpose, swine producers may implement one or more protocols, including the 
use of quarantine facilities and testing protocols for incoming breeding stock, sanitation 
and drying protocols for transport vehicles and incoming suppliers, personnel entry 
protocols, and insect control programs (Dee, 2003; Pitkin et al., 2009). 
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PRRSV control strategies aim to limit the deleterious effects of PRRSV infection 
in the various stages of production. Gilt acclimatization—a process by which replacement 
gilts develop immunity to PRRSV prior to their introduction into the breeding herd—can 
be achieved by direct contact with infected animals, intentional exposure, or vaccination. 
Gilts that undergo the acclimatization process are introduced into the herd when they are 
no longer viremic (FitzSimmons and Daniels, 2003). Because vaccine-induced protection 
to PRRSV has been deemed weak and/or inconsistent, intentional exposure of gilts can be 
achieved by inoculation with serum obtained from viremic animals (FitzSimmons and 
Daniels, 2003). Other control strategies include partial depopulation, all-in/all-out pig flow, 
and vaccination (Dee, 2003).  
Several approaches have been proposed for PRRSV eradication, including whole 
herd depopulation-repopulation, test and removal, herd closure, and partial depopulation 
(Dee, 2003). Herd closure relies on the ability of the animal to effectively mount an 
immune response against—and subsequently eliminate—PRRSV. Due to the persistent 
and chronic nature of PRRSV, an extended period of time of at least 200 days is 
recommended for herd closure, during which no replacement gilts are allowed entry into 
the breeding herd (Linhares et al., 2014; Torremorell et al., 2002). 
 
5.3. Vaccines 
Commercial vaccines against PRRSV have been available since 1994. Both killed 
vaccines (KVs) and modified-live vaccines (MLVs) can be found in the market; however, 
only MLVs were shown to provide effective, albeit variable, levels of protective immunity 
against PRRSV (Zuckermann et al., 2007). Due to the insufficient efficacy afforded by 
29 
 
current vaccines, extensive research has gone into developing novel PRRSV vaccines 
capable of eliciting consistent and broad protective immune responses. 
 
5.3.1. Killed, subunit, and vectored vaccines 
In the young pig model, a PRRSV-1 KV was shown to afford no protection against 
infectious challenge, although the vaccine and challenge strains were 99% homologous at 
the level of ORF5 gene sequence (Zuckermann et al., 2007). Furthermore, a PRRSV-1 KV 
failed to protect pregnant gilts from the appearance of viremia and clinical signs and the 
transplacental infection of piglets after challenge with a heterologous PRRSV-1 strain 
(Scortti et al., 2007). Finally, KV-immunized boars showed no change in the onset, level, 
and duration of viremia and shedding of virus in semen after infectious PRRSV challenge 
(Nielsen et al., 1997). Recently, vaccination with a PLGA nanoparticle-entrapped PRRSV 
KV administered intranasally with Mycobacterium tuberculosis whole-cell lysate as an 
adjuvant was shown to reduce viremia and viral burden and lesions in lung after 
heterologous PRRSV challenge (Binjawadagi et al., 2014). 
The efficacy of immunization with baculovirus-expressed GP3, GP5, and N protein 
was evaluated by the number of piglets born alive and healthy at the time of weaning. GP3- 
and GP5-immunized sows showed partial protection to homologous challenge, while N 
protein-immunized sows did not (Plana Duran et al., 1997). Piglets inoculated with a 
recombinant fowlpox-vectored vaccine encoding both ORF3 and ORF5 of PRRSV showed 
lower temperature, viremia, and virus load in tonsil, lymph node and lung after homologous 
challenge (Shen et al., 2007). Likewise, piglets inoculated with a recombinant adenovirus 
vaccine encoding both ORF3 and ORF5 of PRRSV exhibited reduced clinical signs, 
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viremia, and lung lesions after homologous challenge (Wang et al., 2009). Both 
recombinant attenuated PRV- and transmissible gastroenteritis virus-vectored vaccines 
expressing PRRSV GP5 or GP5 and M protein, respectively, have been shown to confer 
partial protection against homologous PRRSV challenge in young piglets (Cruz et al., 
2010; Qiu et al., 2005). 
Pirzadeh and Dea (1998) demonstrated that while immunization with a plasmid 
encoding ORF5 of PRRSV protected piglets from viremia and the development of 
macroscopic lung lesions after homologous challenge, vaccination with Escherichia coli-
expressed recombinant ORF5-encoded protein did not. Contrarily, Diaz et al. (2013) later 
determined that DNA vaccination with a plasmid encoding both ORF5 and ORF6 of 
PRRSV could be responsible for an exacerbation of the clinical signs observed after 
challenge. 
  
5.3.2. Modified-live vaccines 
Benefits associated with PRRSV MLV vaccination include reduction of clinical 
signs, rescue in body weight loss, reduced lung lesions, and reduced viral shedding (Cano 
et al., 2007; Dwivedi et al., 2011; Linhares et al., 2012). Vaccination of young piglets with 
a PRRSV-2 MLV was shown to afford variable levels of protection against heterologous 
PRRSV-2 challenge and PRRSV-1 challenge (Park et al., 2015; Park et al., 2014). 
Nonetheless, a PRRSV-1 MLV was also proven to provide incomplete cross-protection 
against challenge with a homologous virus, suggesting that the degree of genetic 
similarity—in this case based on ORF5 genetic sequences—between MLV strain and 
challenge isolate may not be a good predictor of vaccine efficacy (Prieto et al., 2008). 
31 
 
Overall, although MLVs have been shown to protect against clinical disease, they still fail 
to prevent PRRSV infection.  
PRRSV MLVs are considered ineffective for control and eradication of the virus 
and severe PRRSV outbreaks have been shown to occur in MLV-vaccinated farms (Vu et 
al., 2017; Wang et al., 2015). Another major limitation of the current MLVs is that they do 
not allow serological discrimination between naturally infected and vaccinated animals—
also known as DIVA (differentiating infected from vaccinated animals)—a condition sine 
qua non for the control and eradication of most animal diseases (Vu et al., 2013). 
Furthermore, the extreme genetic and antigenic variability of the virus coupled with its 
ability to rapidly evolve and subvert the innate immune system are a major obstacle for 
developing a broadly-protective vaccine against PRRSV (Meng, 2000; Vu et al., 2017). 
Finally, because MLVs replicate in the host, there is always a potential for reversion to 
virulence (Nielsen et al., 2001). 
 
5.3.3. Approaches to increase the efficacy of vaccines 
Several strategies have been attempted to increase the efficacy of PRRSV vaccines. 
Mengeling et al. (2003) demonstrated that vaccination with five attenuated strains of 
PRRSV-2 did not deliver better heterologous protection than vaccination with a single 
strain MLV. A chimeric virus carrying structural proteins from the genetically distinct 
PRRSV strains VR-2332 and JA-142 was shown to afford protection against challenge 
with both its parental strains. It still remains to be proven that it can protect against strains 
or isolates genetically distinct from its parental strains (Sun et al., 2016a). Furthermore, 
vaccination with an MLV containing randomly recombined DNA sequences of ORF3, 
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ORF4, ORF5, and ORF6 from multiple PRRSV-2 strains did not confer better heterologous 
protection than the original MLV (Tian et al., 2015). 
Vu et al. (2015) have developed a centralized or consensus PRRSV-2 immunogen 
based on 59 full-genome sequences and demonstrated that the immunization by infection 
with this synthetic virus was able to accord broader levels of cross-protection than their 
reference strain. Sun et al. (2016b) later showed that—unlike other PRRSV strains or 
isolates—infection with the consensus PRRSV-2 strain induced type I IFN in vitro. 
Recently, a serially-passaged attenuated strain of this consensus PRRSV-2 immunogen 
was revealed to maintain the type I IFN-induction phenotype while exhibiting promising 
safety and efficacy profiles (Sun et al., 2017).
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Figure 1.1. Schematic representation of the PRRSV genome. 
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CHAPTER II 
MATERIALS AND METHODS 
 
1. Cells 
MARC-145 monkey kidney cells (Kim et al., 1993) were used to propagate and 
titrate PRRSV and measure serum viral neutralizing activity. Cells were cultured at 37° C 
with 5% CO2 in low glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS), 100 Units/mL of Penicillin, and 100 µg/mL of 
Streptomycin (Life Technologies, Carlsbad, CA). 
PBMC were cultured at 37° C with 5% CO2 in complete RPMI (cRPMI) media 
consisting of RPMI-1640 (GE Healthcare, Little Chalfont, United Kingdom) supplemented 
with 10% FBS, 1X of GlutaMAX-I (Life Technologies), 100 Units/mL of Penicillin, and 
100 µg/mL of Streptomycin. 
 
2. Antibodies and reagents 
The PRRSV-specific monoclonal antibody was purchased from the National 
Veterinary Services Laboratory (Ames, IA), the Alexa Fluor 488-conjugated goat anti-
mouse antibody was purchased from Invitrogen (Eugene, OR), and the mouse anti-pig IgG 
antibody was purchased from BD Biosciences (San Jose, CA).  
The pig IFN-γ enzyme-linked immunospot (ELISpot) assay capture (clone P2G10) 
and detection (clone P2C11) antibodies were purchased from BD Pharmingen (San Diego, 
CA), the streptavidin-conjugated alkaline phosphatase, Streptavidin-AP, was purchased 
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from SouthernBiotech (Birmingham, AL), and the substrate, Vector Blue Alkaline 
Phosphatase Substrate, was purchased from Vector Laboratories (Burlingame, CA). 
 
3. Viruses and peptides 
The PRRSV strain FL12 was derived from isolate NVLS 97-7895 and recovered 
from a full-length infectious cDNA clone (Truong et al., 2004). The PRRSV-1 strain SD01-
08 was recovered from a cDNA clone kindly provided by Y. Fang, Kansas State University 
(Fang et al., 2006). Isolates 1692-98, 21599-00, 46517-00, 16244B (Allende et al., 1999), 
3805-00, 43807-00, 18565-01,18066-04 were obtained from the Iowa State University 
Veterinary Diagnostic Laboratory (Ames, IA) and the Nebraska Veterinary Diagnostic 
Center at the University of Nebraska–Lincoln (Lincoln, NE). The isolate MN184C was 
kindly provided by K.S. Faaberg, National Animal Disease Center (Wang et al., 2008). All 
viruses had been adapted to grow in MARC-145 cells.  
PRRSV full-genome coding sequences for strains FL12 and SD01-08 and isolates 
16244B and MN184C were obtained from GenBank. Full-genome coding sequences for 
isolates 1692-98, 21599-00, 46517-00, 3805-00, 43807-00, 18565-01, and 18066-04 were 
kindly provided by W. Laegreid, University of Wyoming and submitted to GenBank. 
Strains or isolates with their respective GenBank accession numbers are presented in Table 
2.1. 
Synthetic 20-mer peptides with overlapping 10-mer encompassing the entire 
sequence of the FL12 structural proteins GP2-5, M, and N were kindly provided by Dr. B. 
Kaltenboeck, Auburn University.  
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4. Virus propagation and titration  
Confluent two-day old MARC-145 cells in 100 mm tissue culture dishes were 
infected with PRRSV at a multiplicity of infection of 0.1 in 2 mL inoculums and incubated 
for one hour with intermittent rocking every 10 minutes. Subsequently, 10 mL of low 
glucose DMEM supplemented with 5% FBS, 100 Units/mL of Penicillin, and 100 µg/mL 
of Streptomycin were added. All strains and isolates were grown until approximately 80% 
of the cells exhibited significant cytopathic effect (2–4 days), released from the cells by 
one freeze-thaw cycle at -80° C, clarified by centrifugation at 3,000 x g for 5 minutes, and 
frozen at -80° C in 1 mL aliquots. 
Virus titers were determined by endpoint dilution assay in MARC-145 cells. Virus 
stocks were diluted 10-fold serially in low glucose DMEM. Each virus dilution was 
separately inoculated into eight wells of a 96-well plate containing confluent two-day old 
MARC-145 cells at 100 µL per well and incubated for three to four days. IFA was 
performed on the cell monolayers. Virus titers were calculated following Reed and 
Muench’s method (Reed and Muench, 1938) and expressed as tissue culture infectious 
dose 50 (TCID50) per mL. 
 
5. Indirect fluorescence assay 
For IFA, MARC-145 monolayers were washed once with phosphate buffered saline 
(PBS) and fixed in a cold mixture of acetone/methanol (1:1 v/v) for 10 minutes at room 
temperature and air dried. Next, the cell monolayers were washed once with PBS and 
incubated with 30 µL of a 1:500 working dilution of the PRRSV-specific monoclonal 
antibody in PBS for one hour at 37° C. Cell monolayers were washed three times with PBS, 
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followed by incubation with 30 µL of a 1:1000 working dilution of Alexa Fluor 488-
conjugated goat anti-mouse antibody for one hour at 37° C. After three washes with PBS, 
the cell monolayers were examined under an inverted fluorescence microscope for specific 
cytoplasmic fluorescence. 
 
6. Animal experiments 
All animals were housed and handled following protocols approved by the 
Institutional Animal Care Committee of the University of Nebraska–Lincoln. Pigs were 
obtained from a swine herd with certified records of absence of PRRSV infection and were 
kept in an isolated biosafety level 2 facility. One week acclimation was allowed between 
the arrival of the pigs to the facility, at three weeks of age, and the initial inoculation. All 
inoculations with PRRSV were performed intramuscularly with 105.0 TCID50 of virus in 2 
mL of FBS-free low glucose DMEM. Blood samples were collected from all animals 
before infection, and periodically after infection. Serum samples were stored in 1-mL 
aliquots at -80° C. 
  
7. Isolation of peripheral blood mononuclear cells 
Whole blood was collected into a BD Vacutainer tube with sodium citrate 
(Pharmingen, San Diego, CA). 15 mL of whole blood were thoroughly mixed with 15 mL 
of PBS+2% FBS and subsequently layered on top of 15 mL of Lymphoprep separation 
media (StemCell Technologies, Vancouver, Canada) in a 50-mL SeppMate Tube 
(StemCell Technologies) and centrifuged at 2,500 x g at room temperature for 20 minutes. 
The PBMC-containing interphase was then transferred into a 50-mL polypropylene 
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centrifuge tube and washed once with PBS+2% FBS, after which contaminating red blood 
cells (RBCs) were lysed with 5 mL of RBC lysis buffer. Isotonicity was restored with 15 
mL of PBS+2% FBS. Next, PBMC were centrifuged at 250 x g for 8 minutes and 
resuspended in 10 mL of RPMI-1640 media. A 10 µL aliquot was mixed with 10 µL of 
Cellometer AOPI Staining Solution in PBS (Nexcelom Biosciences, Laurence, MA), and 
viable cells counted on a disposable hemocytometer with an inverted fluorescent 
microscope. Finally, PBMC were centrifuged at 250 x g for 8 minutes and adjusted to 1-
1.5x107 viable cells/mL in RPMI 1640+40% FBS+10% DMSO and frozen in 1-mL 
aliquots at -80° C. 
 
8. Enzyme-linked immunospot assay 
The ELISpot assay was performed as previously described (Meier et al., 2003). 
PVDF membrane 96-well plates were activated with 35% ethanol for 30 seconds, washed 
twice with distilled water and once with PBS. Subsequently, wells were coated overnight 
with 0.5 µg of anti-pig IFN-γ antibody in 50 µL of PBS. Plates were then washed three 
times with PBS and blocked for 2 hours with cRPMI media. 
PBMC were rapidly thawed at 37° C and resuspended in 10 mL of warm RPMI-
1640 media. Viable PBMC were counted using the Cellometer AOPI Staining Solution in 
PBS, re-suspended to a concentration of 5x106 cells/mL in cRPMI media, and plated at 
5x105 cells/well. For whole virus re-stimulation, PRRSV was diluted to 5,000,000 
TCID50/mL in cRPMI media and 100 µL added to each well (final concentration 500,000 
TCID50 per well). For peptide re-stimulation, peptide pools were diluted 1:100 in cRPMI 
and 100 µL added to each well (final concentration 0.04 nmol per well). Two replicates of 
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each sample were plated for each strain/isolate or peptide, and each animal. Mock-infected 
MARC-145 supernatant and DMSO diluted 1:100 in cRPMI were used as negative control 
for PRRSV and peptide re-stimulation, respectively, and PMA (10 ng/mL) and ionomycin 
(1 µg/mL) as positive control. Cells were incubated for 17–20 hours.  
Plates were washed with PBS+0.05% Tween-20 (PBS-T20) for 10 minutes, and 
further washed three times with PBS-T20. Next, 50 µL of a streptavidin-conjugated anti-
pig IFN-γ antibody was added at a concentration of 2 µg/mL for one hour at room 
temperature. Plates were washed six times with PBS-T20 and 50 µL of a working dilution 
of 1 µL/mL of Streptavidin-AP was added for 45 minutes at room temperature. Plates were 
washed six times with PBS-T20 and multiple times under running distilled water after 
which they were developed with a solution of Vector Blue Alkaline Phosphatase Substrate 
prepared according to manufacturer instructions for 7–10 minutes. Spots were counted and 
analyzed using a CTL ImmunoSpot counter (Cellular Technology Limited, Shaker 
Heights, OH).  
 
9. Enzyme-linked immunosorbent assay 
PRRSV antibodies in serum were determined at the Nebraska Veterinary 
Diagnostic Center using the commercial ELISA IDEXX PRRS X3 Ab Test (IDEXX 
Laboratories, Westbrook, ME) according to the manufacturer’s instructions. The status of 
each sample was evaluated by the sample-to-positive (S/P) ratio. An S/P ratio ≥ 0.4 was 
considered positive. 
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10. Serum IFA 
MARC-145 cells were seeded into 96-well plates, incubated for 48 hours, after 
which half of the rows on the plate were infected with 100 TCID50/well of PRRSV and half 
were left uninfected. After 48 hours, plates were washed once with PBS and fixed with 
acetone/methanol (1:1 v/v) for 10 minutes, air dried, and stored at -20° C. 
Test sera was diluted to 1:20 in PBS and 30 µL of this dilution was transferred to a 
PRRSV-infected well and an uninfected well. Plates were incubated for one hour at 37° C 
and washed three times with PBS. Next, 30 µL of a 1:500 working dilution of mouse anti-
pig IgG antibody was added and incubated at 37° C for one hour. Plates were washed three 
times with PBS and 30 µL of a 1:1000 working dilution of Alexa Fluor 488-conjugated 
goat anti-mouse antibody was added and incubated for one hour at 37° C. Finally, plates 
were washed three times with PBS and examined on an inverted fluorescence microscope 
for specific cytoplasmic fluorescence. A titer ≥ 1:20 was considered to be positive (Nelson 
et al., 1994). 
 
11. Serum virus neutralization assay 
Neutralizing antibody titers of serum samples against specific strains or isolates of 
PRRSV were determined using a fluorescent focus SVN assay as previously described (Wu 
et al., 2001). Heat-inactivated sera were diluted two-fold serially in 50 µL of low glucose 
DMEM supplemented with 5% FBS on a 96-well plate and incubated with an equal volume 
of media containing 100 TCID50 of PRRSV for one hour at 37° C. The contents of each 
plate were transferred to a new 96-well plate containing two-day old confluent MARC-145 
cells and further incubated for three to four days. The presence of PRRSV was determined 
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by IFA. The end point titer was expressed as the reciprocal of the highest serum dilution 
that neutralized PRRSV in 2 replicate wells. Absence of neutralizing antibody titer was 
considered as 0 for statistical analysis.  
 
12. RNA extraction  
RNA from serum was isolated using the QIAamp Viral RNA Mini Kit (Qiagen, 
Hilden, Germany) following the manufacturer’s instructions. 
For isolation of RNA from tissue samples, 300 mg of lymph node, tonsil, or lung 
tissue were homogenized in 3 mL of TRIzol reagent (Life Technologies) in a Bullet 
Blender 5 Storm (Next Advance, Averill Park, NY) for five minutes at 4° C. Subsequently, 
500 µL of the homogenized sample were mixed with 500 µL of TRIzol reagent and 
incubated for 10 minutes at 25° C. Next, 200 µL of chloroform were added and the sample 
shaken vigorously for 15 seconds, after which it was incubated for 2-3 minutes at 25° C. 
The sample was centrifuged at 12,000 x g for 15 minutes at 4° C. Following, 500 µL of the 
aqueous phase were transferred to a new microcentrifuge tube, 500 µL of isopropyl alcohol 
were added and incubated for 10 minutes, and centrifuged at 12,000 x g for 10 minutes at 
4° C. The supernatant was discarded and the RNA pellet was washed once with 70% 
ethanol, centrifuged at 7,500 x g for 5 minutes at 4° C and left to air dry. Finally, the sample 
was resuspended in 100 µL of distilled water and incubated at 55–60° C for 10–15 minutes 
in a heated block. RNA was quantified using a NanoDrop ND-1000 (Thermo Fischer 
Scientific, Waltham, MA) and adjusted to 200 ng/µL.  
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13. Real-time RT-PCR 
PRRSV viral RNA in plasma and tissue samples was quantified by real-time RT-
PCR as previously described (Beura et al., 2012). The specific primers and probes are 
presented in Table 2.3 and were synthesized by Sigma-Aldrich (Woodland, TX). Real-time 
RT-PCRs were performed in 25 µL reaction mixtures containing 5.6 µL of distilled water, 
12.5 µL of RT-PCR master mix (Affymetrix, Santa Clara, CA), 1 µL of each primer (final 
concentration = 400 nM), 0.5 µL of probe (final concentration = 250 nM), 0.5 µL of M-
MLV RT (Affymetrix), 0.2 µL of RNAse inhibitor (Affimetryx), and 5 µL of template. 
The thermal conditions were as follows: 1 cycle at 50° C for 30 minutes, 1 cycle at 95° C 
for 2 minutes, and 45 cycles at 95° C for 15 seconds and 60° C for 60 seconds. Sets of viral 
RNA templates with known copy numbers were used to establish the standard curves from 
which the RNA copy numbers in the test samples were calculated. Results were reported 
as log10 copies per mL for serum or log10 copies per µg of total RNA for tissue samples. 
For statistical purposes, samples that had undetectable viral RNA levels were assigned a 
value of 0 log10 RNA copies. 
 
14. Lung pathology 
Microscopic lung lesions were evaluated blindly by a pathologist. Briefly, sections 
were taken from the right apical, cardiac, and dorsal lung lobes for histopathologic 
examination. Tissues were fixed in 10% neutral buffered formalin for 1–7 days and 
routinely processed and embedded in paraffin in an automated tissue processor. Sections 
were cut and stained with hematoxylin and eosin. Lung sections were blindly examined 
and given an estimated score of the severity of the interstitial pneumonia: 0 = no 
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microscopic lesions, 1 = mild perivascular interstitial pneumonia, 2 = mild perivascular to 
diffuse interstitial pneumonia, 3 = moderate diffuse interstitial pneumonia, 4 = severe 
diffuse interstitial pneumonia, 5 = severe diffuse interstitial pneumonia with collapse and 
filling of the alveoli. 
 
15. Statistical analysis 
Differences between the means of two data sets was determined by Student’s t-test. 
One-way analysis of variance (ANOVA) was used to evaluate differences between the 
means of three or more data sets. Two-way ANOVA was used compare the mean 
differences between data sets encompassing two independent variables. Tukey’s multiple 
comparison test was employed to evaluate which means amongst a set of means statistically 
differ from the rest. 
Area under the curve (AUC) was approximated using the trapezoidal rule. The 
relationship between two variables was calculated using linear regression analysis. The 
coefficient of determination (R2) was used to determine goodness of fit. 
Statistical analyses were performed and graphs were generated using GraphPad 
Prism version 7 for Mac (GraphPad Software, La Jolla, CA). 
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Table 2.1. PRRSV strains and isolates with GenBank accession number. 
Strain/Isolate GenBank Accession No. 
FL12 AY545985 
1692-98 KY348847 
21599-00 KY348850 
46517-00 KY348852 
16244B AF046869 
3805-00 KY348853 
43507-00 KY348851 
18565-01 KY348849 
MN184C EF488739 
18066-04 KY348848 
SD01-08 DQ489311 
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Table 2.2. Primers for real-time RT-PCR. 
Target Primer/Probe Sequence (5’ ® 3’) 
PRRSV-2 3’UTR 
3UTR44F ATGTGTGGTGAATGGCACTG 
3UTR141R21 GCATGGTTCTCGCCAATTAAA 
3UTR84P TCACCTATTCAATTAGGGCGACCG 
Isolate 16244B 
16244B15262F GGCTGGCATTCTTGAGGCAT 
16244B15369R CACGGTCGCCCTAATTGAATA 
16244B15323P CAGTGCCATTCACCACACATTCTTCC 
 
  
47 
 
CHAPTER III 
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1. Abstract 
Because PRRSV exhibits extensive genetic variation among field isolates, 
characterizing the extent of cross-reactivity of immune responses, and most importantly 
cell-mediated immunity (CMI), could help in the development of broadly cross-protective 
vaccines. We infected 12 PRRSV-naïve animals with PRRSV strain FL12 and determined 
the number of IFN-γ SC by enzyme-linked immunospot (ELISpot) assay using ten 
PRRSV-2 and one PRRSV-1 isolates as recall antigens. The number of IFN-γ SC was 
extremely variable among animals, and with exceptions, late to appear. Cross-reactivity of 
IFN-γ SC among PRRSV-2 isolates was broad, and we found no evidence of an association 
between increased genetic distance between isolates and the intensity of the CMI response. 
Comparable to IFN-γ SC, total antibodies evaluated by IFA were cross-reactive; however, 
neutralizing antibody titers could only be detected against the strain used for infection. 
Finally, we observed a moderate association between homologous IFN-γ SC and 
neutralizing antibodies. 
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2. Introduction 
PRRSV is the etiological agent of the most important infectious disease of swine 
worldwide, causing late-term reproductive failure in sows, sperm abnormalities in boars, 
and respiratory illness in young pigs (Collins et al., 1992; Wensvoort et al., 1991). 
Widespread in most swine producing countries, PRRSV causes substantial financial losses 
to swine producers. In the United States alone, PRRSV-associated losses were estimated 
to be at least $664 million (Holtkamp et al., 2013). 
PRRSV is an enveloped, positive-sense, single-stranded RNA virus classified 
within the genus Porartevirus, family Arteriviridae, order Nidovirales (Adams et al., 2016; 
Adams et al., 2017). PRRSV encompasses two species, PRRSV-1, former European or 
type 1, and PRRSV-2, former North American or type 2, that share ~65% genomic 
sequence identity (Allende et al., 1999; Nelsen et al., 1999). 
The PRRSV genome, of approximately 15 kb, encodes 11 ORFs. ORF1a and 
ORF1b encode two polyproteins that, when cleaved, yield 14 nsps (Snijder et al., 2013). 
Of these, nsp1α, nsp1β, nsp2, nsp4, and nsp11 have been involved in the modulation of the 
innate immune response and suppression of type I IFN signaling (Beura et al., 2010). The 
structural ORFs ORF2a, ORF3, ORF4 encode the minor surface glycoproteins GP2, GP3, 
GP4, respectively, that form a heterotrimer and interact with the cell surface receptor 
CD163 (Calvert et al., 2007; Das et al., 2010). Encoded by ORF5, the major glycoprotein 
GP5 forms a heterodimer with the M protein encoded in ORF6 (Mardassi et al., 1996). 
Although PRSSV viremia can last up to one month PI or more, and persistent 
continuous low levels of viral replication in lymphoid tissues can be detected up to 150 
DPI or more, the virus is eventually cleared by the host (Allende et al., 2000). This reveals 
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that later in the course of infection the pig immune response is competent in removing the 
virus from the animal, demonstrating that an appropriate adaptive immune response has 
been mounted (Loving et al., 2015). Notwithstanding, the components of the adaptive 
immune response that are responsible for such clearance being partially or ill-defined. The 
humoral immune response against PRRSV can be detected as early as 7 DPI, when 
abundant non-neutralizing antibodies appear. These antibodies are cross-reactive against 
heterologous PRRSV isolates (Yoon et al., 1994). Serum neutralizing antibodies only 
appear on or after 28 DPI, and have been shown to provide full protection against 
homologous challenge when such antibodies attained appropriate concentrations (i.e. titer) 
in the circulation; however, titers of cross-neutralizing antibodies are meager and 
frequently rare (Lopez et al., 2007; Meier et al., 2003; Osorio et al., 2002; Vu et al., 2011; 
Yoon et al., 1994). On the other hand, the PRRSV-specific T cell response has been shown 
to be variable over time and among individual pigs, appearing as early as two weeks’ post 
infection, but showing a fairly low initial onset (Meier et al., 2003; Xiao et al., 2004). 
Previous studies have evaluated the importance of the IFN-γ SC response and its 
correlation to protective immunity, and several authors have concluded that an adequate 
correlation exists between the IFN-γ SC response and protective immunity 
(Charerntantanakul et al., 2006; Lowe et al., 2005; Meier et al., 2004; Zuckermann et al., 
2007). With exceptions, only homologous strains have been used to evaluate CMI 
responses, and a comprehensive evaluation of the cross-reactivity of T cell responses 
against PRRSV is still lacking. 
PRRSV genetic heterogeneity has been thoroughly documented, and it has been 
hypothesized that antigenic relatedness of the strains or isolates used for immunization and 
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challenge plays a major role in determining their immunogenic effectiveness, thus 
constituting a central factor towards the development of more broadly protective vaccines 
(Meng, 2000; Murtaugh et al., 2010). Because a combination of neutralizing antibody and 
T cell responses seems to be responsible for protective immunity against PRRSV, we were 
interested in evaluating how genetic diversity, and hence antigenic diversity, played into 
the cross-reactivity of cell-mediated and humoral immune responses. 
To that effect, we synchronously infected a group of 12 animals with our reference 
pathogenic strain FL12 and assessed the kinetics of the PRRSV immune response 
throughout an appropriate period of convalescence (Fig. 3.1). In parallel, 12 animals were 
left uninfected. We measured total and neutralizing antibodies as well as IFN-γ SC 
responses sequentially assessed in all cases against the homologous infecting strain as well 
as against an array of increasingly divergent (thus, increasingly heterologous) PRRSV 
isolates (Table 3.1). The study allowed us to evaluate and compare the homologous (i.e. 
against infecting strain) response in each of the 12 animals and characterize the cross-
reactivity towards heterologous divergent isolates, thus providing a description of how 
these parameters may associate. 
 
3. Results 
3.1. Variability of T cell responses 
FL12-specific IFN-γ SC were detected as early as 14 DPI in some animals, with 
most animals showing a highly variable number of IFN-γ SC at 28 and 42 DPI, after which 
variability could still be observed, but at a reduced rate. We observed fundamentally 
distinct IFN-γ SC kinetics among the FL12-infected animals (Fig. 3.2A).  
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Two animals (301 and 314) showed an increase of PRRSV-specific IFN-γ SC 
peaking at 42 DPI in very high numbers, after which the numbers slowly declined. While 
the number of IFN-γ SC of animal 314 was low throughout the first 28 DPI, animal 301 
showed an earlier cell-mediated response, starting at 14 DPI. Another group of animals 
(299, 304, 323, and 358) showed a weaker biphasic response, with a first peak occurring 
at 28 DPI and a second peak at 63 DPI. A third subset of animals (317, 321, 325, and 330) 
demonstrated an even weaker response, in most cases only present in very small numbers 
at 28 and 42 DPI, but with a steady climb, peaking at 77 DPI. The CMI kinetics of two 
animals (333 and 315) did not fit any of the aforementioned patterns, animal 315 showed 
a steady climb of IFN-γ SC until 63 DPI that diminished by 77 DPI, while animal 333 
experienced two peaks at 42 and 77 DPI. With the exception of animal 301, and regardless 
of the pattern observed, all animals at 77 DPI appeared to reach a similar number of IFN-
γ SC.  
To further evaluate the overall variability over the entire duration of the experiment, 
we calculated the AUC for the number of IFN-γ SC from 0 to 77 DPI (Fig. 3.2B). The two 
animals with the fastest and strongest responses (301 and 314) had, in turn, the highest 
calculated AUC, while the four animals with the slowest and weakest kinetics had the 
smallest calculated AUC. The remaining animals, including those representative of the 
biphasic response, had a calculated AUC in between the aforesaid animals. 
Similar variability of T cell responses could also be observed when we evaluated 
the IFN-γ SC response using nine other PRRSV-2 isolates as recall antigen, but not with 
the PRRSV-1 strain SD01-08 (Fig. 3.3). We did not detect any IFN-γ SC in uninfected 
animals throughout the course of our study. 
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3.2. Nucleotide pairwise distance between FL12 and heterologous strains and isolates 
Coding genome-wide sequences of FL12, nine heterologous PRRSV-2 isolates, and 
the PRRSV-1 strain SD01-08 were aligned using MUSCLE (Edgar, 2004). Calculated 
nucleotide pairwise distances are presented in Table 3.1. Using MEGA7, a phylogenetic 
tree was inferred using the maximum likelihood method and is presented in Figure 3.4 
(Kumar et al., 2016; Tamura and Nei, 1993). 
Three PRRSV-2 isolates exhibited a low calculated nucleotide pairwise distance to 
FL12: 1692-98 and 21599-00 at 5.02%, and 46517-00 at 6.36%. Three PRRSV-2 isolates 
had a moderate calculated nucleotide pairwise distance to FL12: 16244B at 9.66%, 3805-
00 at 9.71%, and 43807-00 at 10.11%. Another three PRRSV-2 isolates had a high 
calculated nucleotide pairwise distance to FL12: 18565-01 at 12.65%, MN184C at 14.32%, 
and 18066-04 at 14.48%. Finally, the PRRSV-1 isolate SD01-08 had a genome-wide 
calculated nucleotide pairwise distance of 36.72% to FL12. 
 
3.3. Cross-reactivity of T cell responses 
To evaluate the cross-reactivity of T cell responses against PRRSV we used the 
homologous strain FL12, nine other PRRSV-2 isolates of varying genetic distance, and one 
PRRSV-1 isolate as recall antigen. A two-way ANOVA was performed to determine the 
effect of PRRSV isolate used as recall antigen on the number of IFN-γ SC (Fig. 3.5A). 
Although there was a statistically significant interaction between the effects of PRRSV 
isolate and the number of IFN-γ SC, simple main effects analysis showed that PRRSV-2 
isolates induced significantly stronger T cell responses than the PRRSV-1 strain SD01-08, 
but no significant differences were detected among PRRSV-2 isolates.  
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Further analyses demonstrated no significant differences between SD01-08 and all 
PRRSV-2 isolates at 14 and 28 DPI (with the exception of MN184C at 28 DPI) and, starting 
at 28 DPI, and through every other time point, all PRRSV-2 isolates produced a 
significantly higher number of IFN-γ SC than SD01-08. We were able to observe that 
FL12-, MN184-, and 16244B-re-stimulated PBMC showed a number of IFN-γ SC 
significantly higher than other PRRSV-2 isolates at 42 and 63 DPI. Finally, FL12- and 
MN184C-re-stimulated PBMC had higher numbers of IFN-γ SC than the isolates 3805-00 
and 18565-01 at 77 DPI.  
To additionally evaluate T cell cross-reactivity, we calculated the mean and 
standard error of the AUC for each isolate used as recall antigen and performed a one-way 
ANOVA (Fig. 3.5B). There was a significant difference between PRRSV isolates used as 
recall antigens; however, there was no significant difference among PRRSV-2 isolates. 
PRRSV-2 isolates recalled a higher number of IFN-γ SC than the PRRSV-1 strain SD01-
08. Extensive cross-reactivity was not only observed when we evaluated as a group the 
mean number of IFN-γ SC against each of the ten PRRSV-2 isolates (including FL12), but 
also while examining the T cell responses of each individual animal (Fig. 3.6). 
 
3.4. Isolate genetic distance and T cell responses 
To study the relationship between isolate genetic distance and T cell responses we 
determined the mean IFN-γ SC number for each PRRSV-2 isolate and fit a linear regression 
model against the previously calculated nucleotide pairwise distance of said isolate to FL12 
(Fig. 3.7A–E). Our results indicate that changes in genetic distance are not associated with 
changes in the mean number of isolate-specific IFN-γ SC at 14, 28, 42, 63 and 77 DPI.  
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To further evaluate this relationship over the entire course of the assay we 
determined the mean AUC of IFN-γ SC for each PRRSV-2 isolate and fitted a linear 
regression model with the calculated nucleotide pairwise distance of said isolate to FL12 
(Fig. 3.7F). No significant association could be found between the mean AUC of IFN-γ SC 
and calculated nucleotide pairwise distance of the isolate. 
 
3.5. Total and neutralizing antibody responses 
Five of the ten PRRSV-2 isolates were selected to evaluate the total and neutralizing 
antibody response. Together with the homologous strain FL12, we included low distance 
isolates 1692-98 and 21599-00, medium distance isolate 16244B and high distance isolate 
18565-01. The total antibody responses, evaluated by IFA, was deemed negative at 0 DPI 
for all animals (< 1:20) and all isolates tested. Starting at 28 DPI, and at 63 and 77 DPI all 
animals were positive by IFA (≥ 1:20) against all five isolates (Fig. 3.8A). 
Neutralizing antibodies against isolate FL12 were determined by SVN and were 
absent at 0 and 28 DPI. Homologous titers could be detected starting at 63 DPI and 
continued to rise until 77 DPI (Fig. 3.8B). Subsequently, we sought to determine whether 
neutralizing antibody titers could be obtained against the four heterologous isolates. We 
tested the sera obtained at 77 DPI and found that, with very few exceptions, no neutralizing 
antibody titers could be detected against 1692-98, 21599-00, 16244B and 18565-01 (Fig. 
3.8C). A weak (1:4) neutralizing antibody titer was found in one pig against isolate 21599-
00 and in another pig against 16244B. 
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3.6. Association between T cell and neutralizing antibody responses 
As both neutralizing antibody and IFN-γ SC seem to appear at later time points of 
the PRRSV infection, we were interested in determining whether there was an association 
between these two variables. At 63 and 77 DPI, we paired the homologous neutralizing 
antibody titer against FL12 for each animal with its respective number of FL12-specific 
IFN-γ SC and fitted a linear regression (Fig. 3.9). Our results indicate that at 63 DPI 34.86% 
of the variation of neutralizing antibody titers can be explained by the variation in the 
number of IFN-γ SC, while this value increases to 51.64% at 77 DPI. In the absence of 
neutralizing antibody titers, both at earlier time points and against heterologous isolates, 
no further calculations could be conducted. 
 
4. Discussion 
Since PRRSV was first reported in the late 1980’s, our understanding of its 
pathogenesis and immunology have grown steadily; however, we are still lacking a broadly 
cross-protective PRRSV vaccine. Our past research has demonstrated that appropriate 
concentrations of neutralizing antibodies can provide sterilizing immunity against PRRSV 
challenge, but these neutralizing antibodies are seldom cross-reactive (Lopez et al., 2007; 
Osorio et al., 2002; Vu et al., 2011). The cross-protection afforded by currently available 
commercial vaccine strains is at least that of the field isolates from which they were 
derived, but it has become clear that there is a great need for improvement in the breadth 
of this cross-protection (Renukaradhya et al., 2015; Shi et al., 2010a). For any vaccine, 
sterilizing immunity is the ultimate goal, and in PRRSV this can be accomplished through 
neutralizing antibodies. Due to our limited knowledge on the nature and kinetics of 
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neutralizing antibodies, and how T cell help contributes to their appearance, we believe 
this work could provide new directions for the design of cross-protective PRRSV vaccines.  
Because our understanding of CMI against PRRSV is scarce, we were not only 
interested in determining how PRRSV-specific T cells could associate with neutralizing 
antibodies, but also to determine how T cells cross-reacted against other field isolates, and 
whether the isolate heterogeneity, determined by its genome-wide calculated nucleotide 
pairwise distance to the challenge isolate, could be linked to varying levels of cross-
reactivity. We have recently shown that minimizing the calculated nucleotide pairwise 
distance between immunization and challenge isolates provided an unprecedented level of 
cross-protection (Vu et al., 2015), hence we hypothesized that increased calculated 
nucleotide pairwise distance as a determinant of antigenic variability and heterogeneity of 
field isolates could be negatively associated to CMI. 
Our study demonstrates that an outbred population of pigs infected with a PRRSV-
2 isolate shows a highly variable IFN-γ SC response among individual animals. In apparent 
contrast to what was previously described for PRRSV-2 infection by Xiao et al. (2004), 
half of our 12 FL12-infected animals had high homologous T cell responses at 28 DPI 
(>115 IFN-γ SC/106 PBMC). Furthermore, we observed that one of our animals (301) had 
high homologous and heterologous T cell responses at 14 DPI. Authors have described the 
PRRSV-specific T cell response as weak and slow; however, our findings reveal that 
individual animals can potentially achieve high numbers of PRRSV-specific T cell 
responses as early as 14 DPI. It was previously shown that inoculation with virulent 
PRRSV elicits a higher number of IFN-γ SC than inoculation with a modified live vaccine 
both in piglets and finisher pigs (Klinge et al., 2009). When comparing our results to 
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virulent PRRSV inoculation, and those of commercially available MLV immunization, we 
further appreciate the fact that virulent PRRSV seems to elicit a stronger CMI than MLV 
(Meier et al., 2003; Xiao et al., 2004; Zuckermann et al., 2007). Moreover, it could be 
hypothesized that the extreme variability observed among CMI responses in individual 
animals could be responsible for the variable protection observed against PRRSV 
challenge. The host and pathogen factors behind this variability are yet to be understood. 
In our study we evaluated CMI cross-reactivity against an array of genetically 
diverse PRRSV-2 isolates and one PRRSV-1 isolate. Our results indicate that T cells from 
FL12-infected animals can recognize other PRRSV-2 isolates and secrete IFN-γ in 
response to them. The overall kinetic of the T cell responses to all PRRSV-2 isolates were 
not significantly different between PRRSV-2 isolates; however, SD01-08, a PRRSV-1 
strain, elicited a significantly lower T cell response. Such cross-reactivity is not surprising, 
as T cell cross-reactivity has been documented for other pathogens. McMaster et al. (2015) 
have demonstrated the existence of cross-reactive T cells against influenza A virus, while 
these cross-reactive T cells were shown to provide cross-protection against heterologous 
challenge, with reduced morbidity and mortality in mice, they did so in the presence of a 
limited neutralizing antibody cross-reactivity. Much alike what has been previously 
hypothesized for PRRSV by Zuckermann et al. (2007), the authors claim that protection 
from influenza A virus challenge was afforded by T cells. T cell cross-reactivity was also 
reported at the virus, protein, and peptide level between members of the 
Alphaherpersvirinae subfamily, while T cell cross-reactive peptides have been described 
between unrelated viruses such as human papillomavirus and coronavirus and M. bovis 
bacillus Calmette-Guérin and poxviruses (Jing et al., 2016; Mathurin et al., 2009; Nilges 
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et al., 2003). Because the number of potential peptide antigens surpasses the number of T 
cell receptors available by many orders of magnitude, it can be argued that T cells are only 
able to provide comprehensive immune coverage if each one of them is capable of 
recognizing many peptides (Sewell, 2012). However, our results are in sharp contrast to 
what has been previously described for PRRSV-1. When a virulent PRRSV-1 isolate was 
inoculated into pigs and PBMC isolated and stimulated in vitro with the homologous isolate 
and a heterologous isolate of calculated nucleotide pairwise distance of 12.5%, a significant 
reduction of IFN-γ SC was found to occur in the presence of the heterologous virus 
stimulation, when compared to the homologous virus. The authors argue that this could be 
due to the different ability of these strains to inhibit IFN-γ T cell responses, or due to 
different antigenicity of T cell epitopes (Diaz et al., 2012). 
Our findings regarding antibody-mediated immunity against PRRSV confirm what 
other authors have described: the total antibody response against PRRSV is broadly 
reactive and early to occur; however, it is known that these antibodies do not mediate 
protection against infection (Lopez and Osorio, 2004). We were not able to detect any 
neutralizing antibodies at 28 DPI; conversely, at 63 DPI all but one animal showed 
neutralizing antibody titers against FL12, and at 77 DPI all animals did, and in many cases, 
these titers were higher. We were not able to detect the presence of neutralizing antibodies 
against heterologous PRRSV isolates. Our observation is different from what Martinez-
Lobo et al. (2011) reported for PRRSV-1, where the authors describe the presence of cross-
reactive neutralizing antibody titers. This divergent observation might be due to the nature 
of the antisera used in the neutralization assay, while Martinez-Lobo et al. (2011) used 
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hyperimmune antisera obtained from pigs that were repeatedly immunized with PRRSV, 
we used convalescent antisera obtained from pigs that were exposed only once to the virus. 
IFN-γ SC as measured by the ELISpot assay exhibit a behavior comparable to that 
of the total antibody response against PRRSV. Neutralizing antibodies are a subset of the 
total antibody response, similarly, it is possible that a T cell subset could be primarily 
responsible for providing protection against PRRSV infection. Because we evaluated the 
PRRSV CMI using the widely accepted IFN-γ ELISpot assay, our results are not without 
limitations. The techniques available in the field of swine immunology are not as 
comprehensive or precise as those available for other species, and there is a known 
necessity to develop a swine T cell biology toolkit (Loving et al., 2015). Further 
characterization of T cell subsets and cytotoxicity will require the usage of multi-color flow 
cytometry, already implemented for the study of classical swine fever and influenza A virus 
in swine, in combination with tetramer staining, previously shown for foot and mouth 
disease virus (Franzoni et al., 2013a; Franzoni et al., 2013b; Gerner et al., 2015; Patch et 
al., 2011; Talker et al., 2015; Talker et al., 2016). Further understanding of the major 
histocompatibility molecules of swine, the SLA, including the distribution within an 
outbred population and the contribution to adaptive immune responses, will also be vital 
to further evaluate swine immunity against PRRSV.  
Finally, we demonstrate a low to moderate association between the number of IFN-
γ SC and the magnitude of the neutralizing antibody response. This association could only 
be evaluated for the homologous strain FL12, as other isolates failed to elicit any 
neutralizing antibody titers. However, our data suggests that between 30 and 50% of the 
variation of neutralizing antibody titers can be explained by variation in IFN-γ SC. Due to 
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the lack of cross-reactivity of neutralizing antibody responses, the value of this contribution 
cannot be stated, as even animals with homologous neutralizing antibody titers of 1:64 or 
1:128 showed no ability of cross-neutralizing genetically related isolates. It is extensively 
documented that antigen-activated B cells establish interactions in the lymph node that 
allow them to receive helper signals from antigen-activated CD4+ T cells. Such 
interactions allow for class switch and affinity maturation (De Silva and Klein, 2015; 
Kurosaki et al., 2015). Notwithstanding, studies conducted in measles-vaccinated patients 
demonstrated the independence between humoral and cellular immune responses (Dhiman 
et al., 2005; Jacobson et al., 2012). As previously discussed, further analysis into the 
subtypes of T cells involved in PRRSV immunity could provide a stronger biological or 
mathematical association between the appearance and progression of neutralizing 
antibodies and T cells. 
Overall, our results could be interpreted in two distinct ways. On the one hand, it 
could be argued that due to the number of IFN-γ SC being not significantly different 
amongst PRRSV-2 isolates, T cells play no major role in mediating cross-protection. On 
the other hand, it could be hypothesized that, similarly to what has been described for 
influenza, T cells react against a broad spectrum of PRRSV-2 PRRSV isolates, contributing 
to partial levels of cross-protection against heterologous isolate infection (Sridhar, 2016). 
We prefer the latter hypothesis. Furthermore, we favor the idea that, very much like 
universal influenza vaccines, broadly protective PRRSV vaccines could rely on the concept 
of “heterosubtypic” immunity, in which T cell-mediated immune responses targeting 
conserved PRRSV epitopes would confer protection against infection and disease.  
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Table 3.1. Calculated nucleotide pairwise distance (%) between PRRSV strains and isolates. 
 FL12 1692-98 21599-00 46517-00 16244B 3805 43807 18565-01 MN184C 18066-04 SD01-08 
FL12 - 5.02 5.02 6.36 9.66 9.71 10.11 12.65 14.32 14.48 36.72 
1692-98 5.02 - 5.2 6.28 9.61 9.57 10.01 12.46 14.07 14.2 36.59 
21599-00 5.02 5.2 - 5.42 10.01 10.05 10.59 12.61 14.27 14.47 36.47 
46517-00 6.36 6.28 5.42 - 10.1 9.79 10.65 12.4 14.33 14.48 36.64 
16244B 9.66 9.61 10.01 10.1 - 5.75 3.64 11.96 13.35 13.49 36.37 
3805-00 9.71 9.57 10.05 9.79 5.75 - 6.07 12 13.44 13.54 36.71 
43807-00 10.11 10.01 10.59 10.65 3.64 6.07 - 12.28 13.77 13.9 36.47 
18565-01 12.65 12.46 12.61 12.4 11.96 12 12.28 - 8.31 8.55 36.94 
MN184C 14.32 14.07 14.27 14.33 13.35 13.44 13.77 8.31 - 0.52 36.92 
18066-04 14.48 14.2 14.47 14.48 13.49 13.54 13.9 8.55 0.52 - 36.95 
SD01-08 36.72 36.59 36.47 36.64 36.37 36.71 36.47 36.94 36.92 36.95 - 
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Figure 3.1. Experimental design of cross-reactivity study. Chronology of animal 
experiment. After an acclimatization period of one week, animals were infected with 
PRRSV-2 strain FL12 (n=12) at 0 DPI (q) or left uninfected. White circles () indicate 
times at which humoral and cellular immune responses were assessed. Black circles () 
indicate times at which only cellular immune responses were determined. 
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Figure 3.2. Kinetics of homologous IFN-γ SC in individual animals infected with PRRSV 
strain FL12. (A) FL12-specific IFN-γ SC were detected in PBMC by ELISpot assay at the 
indicated times. (B) AUC of IFN-γ SC were calculated using the trapezoidal rule. 
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Figure 3.3. Kinetics of IFN-γ SC responses against heterologous PRRSV strains and 
isolates in individual animals. (A–J, Top) Isolate-specific IFN-γ SC were detected in 
PBMC by ELISpot assay at the indicated times. (A–J, Bottom) AUC of IFN-γ SC were 
determined using the trapezoidal rule.  
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Figure 3.4. Phylogenetic tree of PRRSV strains and isolates. The phylogenetic tree was 
inferred using the maximum likelihood method. The tree is drawn to scale, with branch 
lengths measured in the number of substitutions per site.  
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Figure 3.5. Evaluation of IFN-γ SC cross-reactivity in the context of PRRSV infection. (A) 
The mean and standard error IFN-γ SC number was calculated for each PRRSV strain or 
isolated used as recall antigen and the kinetics analyzed by repeated measures two-way 
ANOVA. (B) The IFN-γ SC AUC mean and standard error for each isolate was calculated 
and analyzed by one-way ANOVA. 
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Figure 3.6. Kinetics of IFN-γ SC responses against heterologous PRRSV strains and 
isolates in individual animals. (A–L, Top) Isolate-specific IFN-γ SC were detected in 
PBMC by ELISpot assay at the indicated times. (A–L, Bottom) AUC of IFN-γ SC were 
determined using the trapezoidal rule.  
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Figure 3.7. Analysis of calculated nucleotide pairwise distance to FL12 and IFN-γ SC 
responses. (A–E) For every time point the mean IFN-γ SC for each PRRSV-2 isolate was 
calculated and fitted a linear regression against the calculated nucleotide pairwise distance 
of said isolate to FL12. (F) A linear regression was fitted between the mean AUC for each 
PRRSV-2 isolate and its calculated nucleotide pairwise distance to FL12.  
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Figure 3.8. Evaluation of humoral immune responses after infection with PRRSV. (A) 
Antibody responses against FL12, 1692-98, 21699-00, 16244B, and 18565-01 were 
evaluated by IFA test. A titer ≥ 1:20 was considered positive. (B) Neutralizing antibody 
titers against FL12 were determined by SVN and results are expressed as the log2 of the 
reciprocal of the largest dilution of serum that inhibited the development of virus in cell 
culture. (C) Neutralizing antibody titers against 1692-98, 21599-00, 16244B, and 18565-
01 were determined at 77 DPI.  
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Figure 3.9. Correlation between neutralizing antibody titers and the number of IFN-γ SC 
against FL12. A linear regression was fitted between the FL12-specific IFN-γ SC for each 
animal, and their respective neutralizing antibody titers at 63 (A) and 77 (B) DPI. R2 values 
are indicated. 
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CHAPTER IV 
INFECTION OF NAÏVE PIGS WITH PORCINE REPRODUCTIVE AND 
RESPIRATORY SYNDROME VIRUS AFFORDS CROSS-PROTECTION TO 
SUBSEQUENT CHALLENGE WITH A HETEROLOGOUS ISOLATE 
  
83 
 
1. Abstract 
PRRSV genetic and antigenic variation are considered a major cause behind the 
incomplete—sometimes limited—cross-protection observed in vaccinated or infected 
animals to posterior challenge. To circumvent this, many swine producers implement 
replacement gilt acclimation protocols infecting naïve animals with live virus obtained 
from viremic animals in their respective farms. To ascertain the contribution of the humoral 
and cell-mediated immune responses to cross-protection we infected 12 naïve animals with 
PRRSV-2 strain FL12 and challenged them 77 days later with the heterologous isolate 
16244B. A control group of 12 animals was left uninfected until 77 DPI and challenged in 
a similar fashion. After challenge, the IFN-γ SC response in FL12-infected animals 
experienced a modest cross-reactive boost. Neutralizing antibody titers against 16244B 
were not detected prior to challenge, but rapidly emerged by 14 days post-challenge (DPC). 
Cross-reactive neutralizing antibodies against other heterologous PRRSV-2 isolates were 
also detected. Good cross-protection to challenge was observed, viremia post-challenge 
(PC) was greatly reduced, and tissue viral quantification, and microscopic lung lesions 
were modestly, albeit significantly, reduced too. The previously uninfected control group 
showed a quick and cross-reactive cell-mediated response against PRRSV-2, but no 
neutralizing antibodies after challenge were identified in these animals. 
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2. Introduction 
PRRSV, a disease characterized by reproductive failure in sows and respiratory 
illness in young pigs, appeared in the late 1980’s and early 1990’s in North America and 
Europe (Collins et al., 1992; Wensvoort et al., 1991). Since its emergence, it has spread to 
most swine-producing countries, causing significant financial losses to the swine industry. 
PRRSV-associated financial losses in the United States alone are estimated to be at least 
$664 million per year (Holtkamp et al., 2013). 
Historically, PRRSV was classified into two distinct genotypes: type 1 or European 
and type 2 or North American; however, the new taxonomy of the family Arteriviridae 
classifies PRRSV within the genus Porartevirus and divides it into two different species, 
PRRSV-1 and PRRSV-2, encompassing the previous genotypes (Adams et al., 2016; 
Adams et al., 2017). Genome-wide analysis reveals that only 55-70% nucleotide and 50-
80% amino acid similarity is shared between PRRSV-1 and PRRSV-2 (Forsberg, 2005). 
The PRRSV virion is enveloped, pleomorphic, with an average diameter of 58 nm, 
and its genome consists of a single positive strand of RNA of approximately 15 kb 
(Spilman et al., 2009). Of the 11 PRRSV ORFs, the large replicase polyprotein ORF1a/b 
(and its truncated version ORF1a’), located in the 5’-proximal three-quarters of the 
genome, encodes four distinct pp products that are co-translationally and post-
translationally processed into 16 distinct nsps by virally-encoded proteases (Kappes and 
Faaberg, 2015). The PRRSV structural proteins are encoded by the eight 3’-proximal ORFs 
contained within six sg mRNAs (Snijder et al., 2013).  
Infection with PRRSV is chronic and persistent: viremia can be detected up to a 
month PI or more, and viral replication in lymphoid tissue can be detected up to 150 PDI 
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or more; nonetheless, the host eventually eliminates the virus (Allende et al., 2000; Wills 
et al., 1997b). Herd stabilization and closure protocols, in which PRRSV-positive herds 
eliminate the virus by preventing the entry of PRRSV-naïve animals for extended periods 
of time further illustrate the existence of an efficacious anti-PRRSV immune response 
(Linhares et al., 2014; Torremorell et al., 2002). 
Significant effort has gone into understanding the immune mechanisms involved in 
clearing PRRSV from the host. Non-neutralizing antibodies against PRRSV can be 
detected as early as 7 DPI. While it is widely accepted that these early non-neutralizing 
antibodies do not mediate protection against the virus, their role in mediating ADE both in 
vitro and in vivo is controversial (Delputte et al., 2004; Yoon et al., 1994; Yoon et al., 1997; 
Yoon et al., 1996). Neutralizing antibodies, which only appear on or after 28 DPI, have 
been shown to deliver full homologous protection against PRRSV (Lopez et al., 2007; 
Meier et al., 2003; Osorio et al., 2002). Nevertheless, PRRSV continues to replicate in 
lymphoid tissue even in the presence of neutralizing antibodies (Lopez and Osorio, 2004). 
Although cross-neutralizing antibodies have seldom been detected, and in very low titers, 
it has been proved that hyperimmunization or multiple exposures to PRRSV can induce 
broadly neutralizing antibodies against PRRSV (Kim et al., 2007; Martinez-Lobo et al., 
2011; Robinson et al., 2015; Vu et al., 2011). While T cell responses, particularly IFN-γ 
SC responses, against PRRSV are slow and weak to appear, they are deemed an important 
mediator of heterologous cross-protection (Charerntantanakul et al., 2006; Lowe et al., 
2005; Meier et al., 2003; Xiao et al., 2004; Zuckermann et al., 2007).  
Solid homologous protection can be achieved against PRRSV; however, the highly 
variable nature and constant evolution of the PRRSV genome constitute an obstacle for 
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achieving effective cross-protective immunity (Lager et al., 1997; Lopez et al., 2007; Vu 
et al., 2017). Whole-genome genetic difference between PRRSV-1 and PRRSV-2 is 
approximately 40%. Diversity, based on ORF5 sequence identity, can be as large as 21%, 
within PRRSV-2 and 30% within PRRSV-1 (Murtaugh et al., 2010). Incomplete cross-
protection is offered by MLVs, which have been shown to reduce clinical signs, body 
weight loss, lung lesions, and viral shedding, but not prevent infection (Cano et al., 2007; 
Dwivedi et al., 2011; Linhares et al., 2012). Because of the moderate effectiveness of 
MLVs, live virus inoculation—obtained from viremic animals within the herd—may be 
used for gilt acclimatization (FitzSimmons and Daniels, 2003). Due to the genetic and 
antigenic variability of PRRSV, we were interested in assessing the level of cross-
protection afforded by previous PRRSV infection against heterologous challenge, while 
evaluating the cellular and humoral immune responses. 
To determine the level of heterologous cross-protection afforded by prior exposure 
to PRRSV we infected a group of three-week old pigs with PRRSV strain FL12 (n=12) 
while a group of pigs (n=12) was left uninfected. Subsequently, 77 days later we challenged 
all animals with the heterologous PRRSV isolate 16244B (Fig. 4.1). Before and after 
challenge, we measured total and neutralizing antibodies as well as IFN-γ SC responses 
sequentially assessed in all cases against the original infection strain, FL12, the challenge 
isolate, 16244B, and an array of divergent PRRSV isolates. To assess the level of cross-
protection afforded by prior exposure to PRRSV strain FL12 we determined the level of 
viremia for 14 days PC, the tissue viral load at 14 days DPC, and the microscopic lung 
pathology at 14 DPC. The study allowed us to evaluate the cross-protection afforded by 
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prior PRRSV exposure and characterize the cellular and humoral immune responses that 
mediate it. 
 
3. Results 
3.1. Cellular immune responses after heterologous challenge in FL12- infected animals 
Immediately before challenge, at 77 DPI, the number of FL12-specific IFN-γ SC 
for most animals was between 200 and 400, apart from animal 301, which was slightly 
higher (Fig 4.2A). 16244-specific IFN-γ SC were between 100 and 300 for most animals, 
except 301 and 314 which were higher (Fig. 4.2B). Four animals (314, 315, 321, and 299) 
had increased numbers of FL12- and 16244B-specific IFN-γ SC by 7 DPC, and while three 
experienced a slight decline at 14 DPC, those of animal 299 continued to climb. On the 
contrary, five animals (304, 323, 325, 333, and 358) showed a reduction in FL12- and 
16244B-specific IFN-γ SC by 7 DPC, followed by an increase at 14 DPC. Animal 301—
that unexpectedly died 7 DPC due to causes not associated with this study—exhibited an 
abrupt decline in both FL12- and 16244B-specific IFN-γ SC by 7 DPC. Animal 317 
displayed a continuous decline at 7 and 14 DPC of FL12-specific IFN-γ SC; however, the 
number of 16244B-specific IFN-γ SC showed a slight increase by 14 DPC. Finally, 
although animal 330 displayed a static number of FL12-specific IFN-γ SC from 0 through 
14 DPC, the number of 16244B-specific IFN-γ SC was down at 7 DPC and back up again 
by 14 DPC. Equivalent variability was observed in all animals when we determined the 
number of isolate-specific IFN-γ SC using eight heterologous PRRSV-2 isolates and one 
PRRSV-1 strain (Fig. 4.3). 
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To determine the extent of cross-reactivity after challenge, individual data sets for 
each animal and each strain or isolate were combined (Fig 4.4A). Two-way ANOVA of 
these data showed that in most cases the isolate-specific IFN-γ SC number was not 
significantly different among PRRSV-2 strains and isolates. The number of IFN-γ SC 
specific for of SD-01-08 was shown to be significantly lower than that of FL12, 16244B, 
18565-01, and MN184, but not the remaining PRRSV-2 isolates. When evaluating the 
isolate-specific AUC of IFN-γ SC after challenge (Fig 4.4B), FL12 was found to recall 
higher IFN-γ SC responses than 21599-00, 43807-00, and 18066-04. Furthermore, 
MN184C was found to recall higher IFN-γ SC responses than 3805-00, and both FL12 and 
46517-00 were found to recall a greater number of IFN-γ SC than SD01-08. 
 
3.2. Humoral immune responses after heterologous challenge in FL12-infected animals 
The presence of anti-PRRSV antibodies was assessed with the commercially 
available ELISA IDEXX PRRS X3 Ab Test. All animals were PRRSV seropositive (i.e. 
an S/P ratio ≥ 0.4) prior to challenge, at 0 DPC, and after challenge, at 14 DPC (Fig. 4.5A). 
Neutralizing antibodies against FL12 were present in variable quantities in all 
animals at 0 DPC (Fig. 4.5B), but only one animal had a meager 1:4 cross-neutralizing 
antibody titer against isolate 16244B immediately before challenge (Fig. 4.5C). Two weeks 
after challenge we observed increased anti-FL12 neutralizing antibody titers in all animals, 
but also that nine out of 11 animals had developed neutralizing antibodies against isolate 
16244B. Of these, six had neutralizing antibody titers of 1:4, while three had titers of 1:8 
or more. Moreover, of the nine animals that developed neutralizing antibodies against 
isolate 16244B, five also developed titers against isolate 1692-98, and four against isolate 
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21599-00 (Fig. 4.5D–E). These titers oscillated between 1:4 and 1:32. Finally, we detected 
a neutralizing antibody titer of 1:16 in one animal against isolate 18565-01 (Fig 4.5F). 
 
3.3. Cross protection against heterologous challenge 
After challenge, nine animals in the FL12-infected group showed low levels of 
viremia at 3 DPC and only one animal remained viremic by 7 DPC (Fig. 4.6A). At 10 and 
14 DPC all animals in the FL12-infected group were viremia free. All 12 animals in the 
initially uninfected group were viremic starting at 3 DPC and through 14 DPC. Uninfected 
control animals developed high viremia, peaking at 7 DPC, and still present by 14 DPC. A 
significant reduction in viremia in the FL12-infected group was demonstrated by repeated 
measures two-way ANOVA. Additionally, the AUC of viremia, calculated using the 
trapezoidal rule, was significantly reduced in the FL12-infected group (Fig. 4.6B). 
When compared to the uninfected control group, viral RNA quantification in lymph 
node, tonsil, and lung were significantly lower in the FL12-infected group after challenge 
(Fig. 4.7). Additionally, 16244B-specific viral RNA could be detected in only two animals 
in tonsil, and in no animals when evaluated in lymph node (data not show). Microscopic 
lung scores of the severity of the PRRSV-induced interstitial pneumonia in apical, cardiac, 
and dorsal lung lobes were significantly reduced in the FL12-infected group after challenge 
when assessed against those of the uninfected control animals (Fig. 4.8). 
 
3.4. Cellular and humoral responses after challenge in uninfected control animals 
Following challenge with isolate 16244B, uninfected control animals developed 
variable 16244B-specific IFN-γ SC by 14 DPC, with values as low as 25 and as high as 
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676 (Fig 4.9A). While at 7 DPC five out of 12 animals were PRRSV seronegative (S/P 
ratio < 0.4), all animals had seroconverted by 14 DPC (Fig. 4.9B). Nonetheless, 
homologous neutralizing antibody titers were absent by 14 DPC (Fig 4.9C). 
To evaluate the cross-reactivity of T cell responses against PRRSV we performed 
the IFN-γ ELISpot with PBMC obtained at 14 DPC with nine PRRSV-2 isolates, including 
FL12, and one PRRSV-1 strain (Fig. 4.10). We determined that there was a statistical 
difference among isolate-specific IFN-γ SC by one-way ANOVA. Simple main effects 
analysis showed that 1692-98, 18066-04 and SD01-08 recalled a significantly lower 
number of IFN-γ SC than the challenge isolate 16244B. Moreover, the number of SD01-
08-specific IFN-γ SC was significantly lower than that of FL12, 3805-00, 18565-01, and 
MN184C, but not the remaining PRRSV-2 isolates tested.  
 
4. Discussion 
Since its emergence, PRRSV has become one of the most important pathogens of 
swine. Unlike other relevant viral pathogens of swine—such as classical swine fever and 
pseudorabies virus—an effective and broadly-protective vaccine not yet commercially 
available (Blome et al., 2017; Freuling et al., 2017). Protection afforded by currently-
available commercial PRRSV MLVs is sub-optimal. While reduction in viremia, viral 
shedding, and transmission have been observed in MLV-vaccinated animals, outbreaks still 
occur in vaccinated herds (Pileri et al., 2015; Wang et al., 2015). Thus, one of the biggest 
goals for improving PRRSV vaccines is increasing their cross-protective efficacy. 
The starting point for this experiment was the conclusion of our previous cross-
reactivity study where we demonstrated that T cells of FL12-infected pigs were broadly 
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cross-reactive when assessed against a panel of nine progressively divergent PRRSV-2 
isolates ranging from 5.02% to 14.48% genome-wide genetic distance. Furthermore, we 
proved that the antibody response against PRRSV-2 isolates was also cross-reactive; 
however, with few exceptions, we failed to detect any cross-neutralizing antibodies. 
Finally, we failed to prove any association between genetic (and antigenic) relatedness of 
the recall isolate to FL12 and the strength of the recall T cell response, in line with the 
observation of Prieto et al. (2008) that genetic homology between vaccine (in this case 
infection) and challenge isolate may not be a predictor of vaccine efficacy.  
After a period of convalescence of 77 days, FL12-infected and uninfected control 
animals were challenged with the heterologous isolate 16244B. We chose this isolate 
because of the medium genome-wide genetic distance to FL12, of 9.66%, and the 
variability of 16244B-specific IFN-γ SC at 63 DPI. Charerntantanakul et al. (2006) 
demonstrated a correlation between the percentage of homologously-stimulated IFN-γ+ T 
cells in PRRSV-vaccinated animals and reduction in both viremia and lung lesion scores 
after heterologous challenge. Hence, we hypothesized that in our FL12-infected animals 
the number of 16244B-specific IFN-γ SC would be associated with reduced viremia and 
microscopic lung lesions. 
On the day of the challenge, 77 days after initial infection, most FL12-infected 
animals exhibited 200–400 FL12-specific and 100–300 16244B-specific IFN-γ SC. 
Surprisingly, at 7 DPC we observed that for half of the animals the number of isolate-
specific IFN-γ SC was significantly reduced in comparison to pre-challenge levels. 
Although we can not offer a biological explanation for this decline, a similar phenomenon 
was observed in PRRSV MLV-vaccinated animals after infectious challenge (Zuckermann 
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et al., 2007). It is also possible that this cell-mediated response contraction could be 
unrelated to the challenge, as T cell responses in MLV-vaccinated animals have been 
shown to fluctuate signficantly during the first three months PI (Meier et al., 2003). In most 
animals T cells were up again by 14 DPC, in certain cases up to pre-challenge levels, or 
even higher. Contrarily, a small number of animals showed an increase of IFN-γ SC by 7 
DPC, followed by a decline by 14 DPC. Of the two animals that exhibited significantly 
higher T cell responses during the initial FL12 infection, by 7 DPC animal 301 experienced 
a drastic reduction of isolate-specific IFN-γ SC, while animal 314 showed modest to major 
increases. While animal 301 died at 7 DPC, animal 314 continued to maintain ~500 isolate-
specific IFN-γ SC by 14 DPC. Furthermore, at 14 DPC two other animals, 299 and 304, 
also reached ~500 isolate-specific IFN-γ SC for certain PRRSV-2 isolates. Through the 14 
days that followed the heterologous challenge we observed great variability of T cell 
responses against all PRRSV-2 isolates tested. These data, together with the data from our 
cross-reactivity study, leads us to believe that the cell-mediated response against PRRSV 
can be erratic, and that host factors must play a significant role in determining its overall 
kinetic. 
As we previously described in our preceding study, T cell cross-reactivity was 
extensive among PRRSV-2 isolates during the 77 days following initial FL12 infection; 
however, this did not extend to the PRRSV-1 isolate SD01-08. After heterologous 
challenge with a PRRSV-2 isolate this continued to be the case, and the mean isolate-
specific IFN-γ SC number for each isolate was, in most cases, increased by 14 DPC. 
Interestingly, FL12- nor 16244B-specific IFN-γ SC were the highest by 14 DPC. Instead, 
MN184C, a highly pathogenic PRRSV-2 isolate, highly heterologous to both FL12 
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(14.32%) and 16244B (13.35%) when genome-wide genetic distances are analyzed seemed 
to recall the highest number of isolate-specific IFN-γ SC (Wang et al., 2008). Certain 
PRRSV-2 isolates were deemed to have significantly higher IFN-γ SC responses than the 
PRRSV-1 strain SD01-08 after challenge, and some significant differences were observed 
among PRRSV-2 isolates; nevertheless, we were not able to draw any association between 
the isolate genetic distance to the infection strain FL12 or the challenge isolate 16244B, 
and the intensity of the T cell response.  
All animals were seropositive, as deemed by a commercial PRRSV ELISA, both at 
0 and 14 DPC. Only a minor increase in S/P ratios was observed, likely due to our samples 
being in the upper portion of the usefull response range of the assay. All FL12-infected 
animals had developed neutralizing antibody titers against FL12 previous to challenge, 
ranging from 1:4 to 1:128, but only one animal showed a 1:4 neutralizing antibody titer 
against 16244B. After heterologous challenge we observed that the neutralizing antibody 
titers against FL12 had increased. This could be explained by the natural progression of 
the humoral immune response against the original challenge infection or due to a boosting 
interaction provided by the heterologous challenge. We observed that nine out of 11 
animals had 16244B-neutralizing antibody titers at 14 DPC, which shows that prior 
exposure to PRRSV may prime the immune system to generate a much rapid neutralizing 
antibody response after challenge. Infectious challenge has also been shown to elicit a rapid 
neutralizing antibody response in MLV-vaccinated animals (Trus et al., 2014). Most 
interesting were the results indicating that FL12-infected and 16244B-challenged animals 
developed neutralizing antibodies to the heterologous isolates 1692-98 and 21599-00. 
When considering genome-wide genetic distance, these two isolates are more related to 
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FL12, 5.02% genetic distance, than to 16244B, 9.61% genetic distance to 1682-98 and 
10.01% to 21599-00. Yet, neutralizing antibody titers of up to 1:32 were observed in five 
animals. The same five animals developed neutralizing antibodies against FL12, 16244B, 
1692-98, and 21599-00, but no association could be found between the respective titers 
(i.e. quantitatively), or between the isolate-specific titers and the number of isolate-specific 
IFN-γ SC. Furthermore, one of these animals also developed a neutralizing antibody titer 
of 1:16 against isolate 18565-01. Only recently have Robinson et al. (2015) demonstrated 
the existence of broadly neutralizing antibody responses against PRRSV in sows that have 
endured multiple infections.  
Viremia after challenge in the FL12-infected group was short lived and negligible. 
Although most of the animals had low, albeit quantifiable, viremia at 3 DPC, only one 
animal was viremic at 7 DPC, and all animals were viremia-negative both at 10 and 14 
DPC. In sharp contrast, when challenged, our uninfected control group developed viremia 
by 3 DPC that peaked at 7 DPC. All uninfected control animals were viremic through the 
14 days of duration of the challenge experiment. The reduction of viremia we observed in 
the FL12-infected group was significant both when analyzed by repeated measures two-
way ANOVA and one-way ANOVA of the AUC. The level of protection afforded by prior 
exposure to FL12 was very good, with a seven-fold reduction of the AUC of viremia when 
compared to uninfected controls. In an analogous experiment, Vu et al. (2015) observed 
that the viremia in FL12-infected pigs challenged 56 DPI with isolate 16244B was reduced 
when compared to PBS inoculated animals; however, the viremia in FL12-infected animals 
was higher and longer lasting than what we observed in our challenge experiment. We 
hypothesize that a longer period of convalescence may explain this observation. In our 
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experiment, we did not observe sterilizing immunity in FL12-infected animals. While 
Zuckermann et al. (2007) demonstrated that pigs vaccinated with a PRRSV-1 MLV and 
challenged with a 7% heterologous strain did not develop viremia, Park et al. (2014) failed 
to demonstrate that a PRRSV-2 MLV elicited sterilizing immunity after heterologous 
PRRSV challenge. Sterilizing immunity has also been proved in the context of homologous 
PRRSV challenge (Lager et al., 1997). 
Viral load in PRRSV target tissues—lymph node, tonsil, and lung—was 
significantly reduced in FL12-infected animals when compared to uninfected controls. 
Furthermore, 16244B-specific RNA was detected in no lymph node samples, and only in 
two tonsil samples. Thus, we assume that the viral RNA detected in the remaining tissue 
samples belongs to the ongoing chronic and persistent replication of FL12 from the initial 
infection. Although our viral RNA quantification results are in line with those presented 
by Vu et al. (2015), the levels of 16244B-specific viral RNA in lymph node and tonsil 
appear significantly reduced in our FL12-infected animals. Again, we hypothesize that a 
longer interval between infection and challenge could account for this difference. MLV 
vaccination was also shown to produce a significant reduction in viral RNA in tonsil, and 
a total elimination of viral RNA from lung, the latter in contrast to our observations 
(Zuckermann et al., 2007). Microscopic lung scores were significantly reduced in FL12-
infected animals when compared to uninfected control animals. Regardless, many of these 
animals still developed diffuse to moderate diffuse interstitial pneumonia after challenge 
in all examined lung lobes. 
The uninfected control animals developed a solid viremia after challenge—which 
began to decline by 10 DPC—with severe diffuse interstitial pneumonia accompanied in 
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some cases with collapse of the alveoli. Unlike our four-week old pigs in the cross-
reactivity study, these pigs developed a rapid 16244B-specific IFN-γ SC response by 14 
DPC. Moreover, in our experiment 75% of 16244B-challenged animals developed high 
heterologous IFN-γ SC responses (> 115 IFN-γ SC/106 PBMC) by 14 DPC, while in a 
previous experiment only 12% of MLV-vaccinated piglets did so by 28 DPI (Xiao et al., 
2004). We presume that the differences observed between these three studies are associated 
with the age of the animals at the time of infection or challenge, and the ability of the strain 
or isolate to stimulate the T cell response. This we had already suggested in our previous 
cross-reactivity study, as natural infection seems to elicit higher IFN-γ SC responses than 
MLV vaccination. Although it was previously shown that natural infection may elicit more 
potent cell-mediated immune responses, no difference was observed between the T cell 
responses in piglets and finisher pigs (Klinge et al., 2009). 
The humoral immune responses in the uninfected control group were characteristic 
for PRRSV infection. Many animals were seropositive by ELISA by 7 DPC, and all had 
seroconverted by 14 DPC. Nonetheless, and in contrast with the sharp induction of IFN-γ 
SC, no homologous neutralizing antibody titers were detected. It is widely accepted that 
neutralizing antibodies against PRRSV only appear 28 DPI or later, while cell-mediated 
immune responses can be detected as early as 14 DPI (Lopez and Osorio, 2004; Meier et 
al., 2003; Xiao et al., 2004). Analogous to what we describe in our cross-reactivity study 
(before and after challenge), the IFN-γ SC response in the uninfected control animals 
challenged with isolate 16244B was broadly cross-reactive. By 14 DPC the isolate-specific 
number of IFN-γ SC was not significantly different amongst most PRRSV-2 strains and 
isolates tested, and was significantly higher for many PRRSV-2 isolates when compared 
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to the PRRSV-1 strain SD01-08. This further cements the notion that T cells are broadly 
cross-reactive between PRRSV-2 isolates.  
Our results demonstrate that prior infection with PRRSV affords solid protection to 
heterologous challenge. Unlike homologous challenge, or—potentially—certain MLVs, 
prior infection did not provide sterilizing levels of immunity; however, prior infection does 
seem to reduce the magnitude and duration of viremia, the viral burden in PRRSV target 
tissues, and the extent and severity of interstitial pneumonia. The data presented is of 
relevance, due to the wide use of live virus infection to inoculate naïve replacement gilts 
in herd closure and stabilization protocols. Live virus inoculation is preferred in many cases 
because it affords better protection against viruses circulating in the herd (i.e. homologous) 
(Dee, 2003; FitzSimmons and Daniels, 2003). Here we demonstrate that live virus 
inoculation also elicits a cross-protective immune response that may be as effective, or 
even better, than that afforded by MLVs. Herd closure and stabilization with live virus 
inoculation is an effective and established method to eradicate PRRSV from a herd or farm; 
yet, it should be noted that live virus inoculation is not without risks, and that risks and 
benefits should be weighed before pursuing this control and eradication strategy. 
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Figure 4.1. Experimental design of cross-protection study. Chronology of animal 
experiment. After an acclimatization period of one week, animals were infected with 
PRRSV-2 strain FL12 (n=12) at 0 DPI (q) or left uninfected (n=12). All animals were 
challenged with PRRSV-2 isolate 16244B at 77 DPI (s) and humanely euthanized and 
necropsied at 91 DPI (p).  
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Figure 4.2. FL12- and 16244B-specific IFN-γ SC responses in FL12-infected animals after 
challenge. FL12-specific (A) and 16244B-specific (B) IFN-γ SC were detected in PBMC 
by ELISpot assay at the indicated times.  
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Figure 4.3. Heterologous strain- and isolate-specific IFN-γ SC responses in FL12-infected 
animals after challenge. Isolate-specific IFN-γ SC were detected in PBMC by ELISpot 
assay at the indicated times (A–I). 
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Figure 4.4. IFN-γ SC cross-reactivity in FL12-infected animals after challenge. (A) The 
mean and standard error IFN-γ SC number was calculated for each PRRSV isolate used as 
recall antigen. (B) The IFN-γ SC AUC mean and standard error for each isolate was 
calculated.  
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Figure 4.5. Humoral immune responses in FL12-infected animals after challenge. (A) 
Antibody responses against PRRSV were evaluated by ELISA, an S/P ratio ≥ 0.4 was 
considered positive. (B–F) Isolate-specific neutralizing antibody titers were determined by 
SVN and results are expressed as the log2 of the reciprocal of the largest dilution of serum 
that inhibited the development of virus in cell culture.  
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Figure 4.6. Viremia after challenge. (A) Viremia was determined by quantitative real time 
RT-PCR at the indicated time points. (B) The viremia AUC was calculated using the 
trapezoidal rule.  
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Figure 4.7. Viral RNA quantification in target tissues after challenge. Viral RNA copies 
per µg of RNA were determined by quantitative real time RT-PCR at 91 DPI in lymph 
node (A), tonsil (B), and lung (C). 
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Figure 4.8. Microscopic lung scores after challenge. Sections of the apical (A), cardiac (B), 
and dorsal (C) lung lobes were blindly examined by a pathologist and given an estimated 
score of the severity of the interstitial pneumonia. 
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Figure 4.9. Homologous cellular and humoral immune responses in uninfected animals 
after challenge. (A) 16244B-specific IFN-γ SC were detected in PBMC by ELISpot assay 
at the indicated times. (B) Antibody responses against PRRSV were evaluated by ELISA, 
an S/P ratio ≥ 0.4 was considered positive. (C) Neutralizing antibody titers against 16244B 
were determined by SVN and results are expressed as the log2 of the reciprocal of the 
largest dilution of serum that inhibited the development of virus in cell culture.  
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Figure 4.10. Cross-reactivity of IFN-γ SC responses in uninfected animals after challenge. 
The mean and standard error IFN-γ SC number at 91 DPI was calculated for each PRRSV 
isolate used as recall antigen.  
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CHAPTER V 
CROSS-SPECIES REACTIVITY OF T CELL RESPONSES OF THE STRUCTURAL 
PROTEINS OF PORCINE REPRODUCTIVE AND RESPIRATORY SYNDROME 
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1. Abstract 
The two species of PRRSV—previously considered genotypes of the same taxon—
have only a ~60% genetic homology. The protection afforded by MLVs of one species 
against the other species is usually worse than the already incomplete protection observed 
within each species. Nevertheless, it has recently been shown that certain PRRSV MLVs 
may afford better cross-protection against opposite species challenge. In this context, 
weakly cross-reactive IFN-γ SC responses were observed. In our previous experiments we 
described cross-species reactive IFN-γ SC in equivalent magnitudes. Because the structural 
proteins of PRRSV have been shown to contain several immunodominant, and sometimes 
conserved, T cell epitopes, we evaluated the levels of T cell cross-reactivity in SD01-08-
infected animals, a PRRSV-1 strain, against the structural proteins of FL12, a PRRSV-2 
strain. When compared to mock-infected control animals, the cell-mediated immune 
response in SD01-08-infected animals was not significantly increased against the structural 
proteins of FL12. Moreover, prior infection with PRRSV-1 did not seem to prime the cell-
mediated immune response against the PRRSV-2 structural proteins, as the magnitude of 
IFN-γ SC numbers between the mock-infected control group and the SD01-08-infected 
group was not significantly different after challenge with FL12.  
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2. Introduction 
The first reports of PRRSV can be tracked to the non-peer reviewed literature in 
the late 1980’s (Keffaber, 1989). Since then, PRRSV has spread to most swine-producing 
countries, and in the United States alone the disease is estimated to generate upwards of 
$664 million in economic losses. PRRSV causes reproductive failure in pregnant sows and 
respiratory disease in young pigs, belongs to the family Arteriviridae, and is an enveloped, 
positive-sense, single-stranded RNA virus (Rossow, 1998; Snijder et al., 2013). 
PRRSV was previously divided into two genotypes, type 1 or European and type 2 
or North American, but the current taxonomy classifies each former genotype into a new 
species, PRRSV-1 and PRRSV-2, respectively (Adams et al., 2016; Adams et al., 2017). 
Although the extraordinary genetic and antigenic variability between these viruses was 
demonstrated decades ago, recent analysis of coding-complete genomes and ORF1b 
phylogeny precipitated the separation into two distinct species (Kuhn et al., 2016; 
Murtaugh et al., 1995; Nelsen et al., 1999; Nelson et al., 1993). About 40% genetic 
difference exists between PRRSV-1 and PRRSV-2 (Murtaugh et al., 2010). 
Through mechanisms that include the use of PRFs and sg mRNAs, the otherwise 
short PRRSV genome, at 14.9–15.5 kb, encodes 11 ORFs which, once processed, yield up 
to 24 distinct protein products (Kappes and Faaberg, 2015). The PRRSV structural proteins 
are encoded by ORFs contained within a set of six sg mRNAs that are generated via 
negative-strand intermediates from the 3’-proximal portion of the genome (Meng et al., 
1996). GP2-4 associate to form a heterotrimer on the surface of the virion and mediate 
interaction with the PRRSV major cellular receptor CD163 (Das et al., 2010). GP5 and M 
form a disulfide-linked heterodimer on the PRRSV envelope that is essential for virus 
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structure and assembly, with a questioned role in mediating attachment to the host cells 
(Van Breedam et al., 2010; Wissink et al., 2005). The N protein forms the nucleocapsid 
core of the virion with a potential responsibility in viral assembly and budding (Dokland, 
2010; Spilman et al., 2009). The antigenic homology between the structural ORFs of 
PRRSV-1 and PRRSV-2 is variable, with amino acid sequence identities ranging from 54% 
for GP5 to 91% for the M protein (Meng et al., 1995a; Meng et al., 1995b; Murtaugh et al., 
1995). 
Among the multiple proteins of PRRSV, structural protein peptides from GP2, 
GP3, GP4, GP5, M, and N were shown to be recognized by T cells of PRRSV-infected 
animals (Mokhtar et al., 2014). Immunodominant T cell epitopes have been mapped to 
most structural proteins—GP4, GP5, M, and N—and appear to be moderately conserved 
within each species, and to a lesser extent across PRRSV-1 and PRRSV-2 (Diaz et al., 
2009; Vashisht et al., 2008; Wang et al., 2011). 
Cross-protection between PRRSV-1 and PRRSV-2 was assumed to be very limited, 
as PRRSV-2 MLVs have shown weak efficacy after PRRSV-1 infectious challenge 
(Labarque, 2003; Labarque et al., 2000; van Woensel et al., 1998). On the contrary, Park 
et al. (2015) demonstrated that a PRRSV-2 MLV afforded significant cross-protection 
against PRRSV-1 challenge, as measured by reduction in viremia, viral shedding, and 
microscopic lung lesions. Equivalent results were also observed with a PRRSV-1 MLV 
(Kim et al., 2015). How cross- protection between PRRSV species occurs is not yet fully 
understood. Pigs infected or MLV-vaccinated with either PRRSV-1 or PRRSV-2 strains 
were shown to recall small numbers of IFN-γ SC against the opposite species, and cross-
neutralizing antibodies were absent (Burgara-Estrella et al., 2013; Choi et al., 2016; Kim 
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et al., 2015). In our cross-reactivity and cross-protection experiments we observed 
extremely weak IFN-γ SC recall responses against PRRSV-1 strain SD01-08 in PRRSV-
2-infected animals. Hence, to gain a better understanding of how cross-species protection 
may arise, and to further examine the immunodominance of structural proteins, we planned 
to evaluate the cross-reactivity of IFN-γ SC responses in SD01-08-infected animals against 
the structural proteins of FL12. 
In this experiment, we infected a group of six four-week old pigs with the North 
American PRRSV-1 strain SD01-08 and six animals were mock-infected with PBS (Fig. 
5.1). At 56 DPI, all animals were challenged with PRRSV-2 strain FL12 and humanely 
euthanized 14 days later. Cell-mediated immune responses were assessed at 0, 56 and 70 
DPI against peptide pools representing the structural proteins of FL12: GP2, GP3, GP4, 
GP5, M, and N. This allowed us to evaluate the T cell cross-reactivity between PRRSV-1 
and PRRSV-2 at the structural protein level. 
 
3. Results 
3.1. Nucleotide and amino acid pairwise distance between the structural proteins of 
SD01-08 and FL12 
Genome-wide coding nucleotide pairwise distance between SD01-08 and FL12 
was calculated at 36.72% and ORF-level nucleotide and amino acid sequences were 
aligned using MUSCLE (Edgar, 2004). Nucleotide and amino acid calculated pairwise 
distances by ORF are presented in Table 5.1. 
The highest calculated nucleotide pairwise distance between the structural ORFs of 
SD01-08 and FL12 belongs to ORF5, which codes for GP5, at 34.80%. ORF7, that codes 
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for the N protein, has the lowest calculated nucleotide pairwise distance between these two 
strains at 29.44%. Amino acid-wise, ORF5 continues to be the most distant between these 
two strains, with a calculated amino acid pairwise distance of 42.54%, while the M protein, 
encoded by ORF6, is the most conserved, at 21.39%. 
 
3.2. Cell-mediated responses against the structural proteins of FL12 in SD01-08-infected 
animals 
SD01-08-infected animals were allowed 56 days to reach convalescence before 
determining the level of IFN-γ SC recalled by structural peptides of the heterologous 
PRRSV-2 strain FL12. The number of IFN-γ SC recalled by GP2, GP3, GP4, GP5, M, and 
N peptide pools was not significantly different between the SD01-08-infected and mock-
infected groups as determined by an unpaired t-test (Fig. 5.2). The IFN-γ SC recall 
responses of individual animals against these peptides was negligible, in most cases under 
10 IFN-γ SC/106 PBMC. When PBMC were re-stimulated with an M protein peptide pool 
two animals exhibited higher IFN-γ SC recall responses, at 31 and 54 IFN-γ SC/106 PBMC. 
A moderately higher IFN-γ SC recall response was also observed in one of these animals 
against an N protein peptide pool, at 19 IFN-γ SC/106 PBMC. 
 
3.3. Cell-mediated responses against the structural proteins of FL12 in SD01-08-infected 
animals after challenge 
At 56 DPI, all animals were challenged with the PRRSV-2 strain FL12 and the 
number of IFN-γ SC recalled by peptide pools of the structural proteins of FL12 were 
determined 14 DPC (Fig. 5.3). One of the animals in the mock-infected PBS group 
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unexpectedly died due to causes not associated with this study. Unpaired t-test analysis 
failed to demonstrate significance between the SD01-08- and mock-infected groups for all 
six structural ORFs evaluated. IFN-γ SC recall responses were marginally diminished in 
the SD01-08-infected group against the minor glycoproteins (GP2-4) and the N protein, 
but slightly increased against the major glycoprotein, GP5, and the M protein, when 
compared to the mock-infected group. 
 
4. Discussion 
The established paradigm that PRRSV was a sole, albeit extremely variable, species 
within the genus Arterivirus was recently replaced by the introduction of new molecular 
phylogeny analysis tools (Kuhn et al., 2016). While the former European or type 1 strains 
and isolates remained in the former PRRSV taxon, now renamed PRRSV-1, the North 
American or type 2 strains and isolates were re-classified into a newly-created PRRSV-2 
taxon. These taxa join the prototype species LaDV in the newly-formed genus Porartevirus 
of the family Arteriviridae (Adams et al., 2016; Adams et al., 2017). 
The recent demonstration that vaccination with either a PRRSV-1 or a PRRSV-2 
MLV can reduce both viremia and microscopic lesions after opposite species challenge 
disputed the notion that PRRSV MLVs did not afford significant cross-species or cross-
genotype protection (Kim et al., 2015; Labarque et al., 2000; Park et al., 2015; van Woensel 
et al., 1998). Furthermore, it was shown that vaccination or infection with one species of 
PRRSV elicited a weak cross-species reactive IFN-γ SC response (Burgara-Estrella et al., 
2013; Choi et al., 2016; Kim et al., 2015). Our prior results clearly demonstrated that IFN-
γ SC responses were broadly cross-reactive between PRRSV-2 isolates, but when PBMC 
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from FL12-infected animals were re-stimulated with a PRRSV-1 strain the number of IFN-
γ SC recalled was, although present, significantly lower. 
In this experiment we further assessed the cross-reactivity between PRRSV-1 and 
PRRSV-2 at the structural ORF level. Although immunodominant T cell epitopes have 
been mapped to both structural and non-structural proteins, the former seem to consistently 
elicit higher T cell responses in a broader number of animals (Diaz et al., 2009; Mokhtar 
et al., 2014; Parida et al., 2012). In the current study PBMC obtained from pigs infected 
with the North American PRRSV-1 strain SD01-08 failed to recall a significant number of 
IFN-γ SC against peptide pools representing the structural proteins of the PRRSV-2 strain 
FL12, when compared to mock-infected animals. Our results show that, with few 
exceptions, the six animals in the SD01-08-infected group only presented meager T cell 
responses against GP2-5, M, and N peptide pools. A notable exception occurred when 
PBMC were re-stimulated with peptide pools corresponding to the M protein, in which 
case we observed that two animals had improved T cell responses. We hypothesize that the 
conserved nature of the M protein, at 21.39% calculated amino acid pairwise distance, 
could be responsible for this observation. The distribution of SLA molecules in an outbred 
pig population cannot be underestimated, as this observation could only be explained if 
these animals had distinct haplotypes, and thus, different abilities to present and recognize 
peptides in the context of their respective SLA molecules. 
We were also interested in evaluating if prior exposure to a PRRSV species had a 
priming effect after challenge with the opposite species. To that effect, we challenged all 
animals with the PRRSV-2 strain FL12, and 14 days later evaluated their cell-mediated 
immune responses. Once again, our results showed no statistically significant difference 
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between the group of animals that had been previously infected with SD01-08 and that 
mock-infected. This was true for all the structural proteins tested. Hence, prior exposure to 
PRRSV-1 does not seem to prime the cell-mediated immune response against challenge 
with PRRSV-2. 
The experimental data here presented regarding cross-species reactivity between 
the North American PRRSV-1 strain SD01-08 and PRRSV-2 strain FL12 conforms with 
those data previously presented for both our cross-reactivity and cross-protection studies. 
Although we failed to prove any statistical difference between PRRSV-1-infected and 
mock-infected animals, we did observe that individual animals may have IFN-γ SC recall 
responses in the context of PRRSV-2 peptides. In a smaller magnitude, our findings are in 
line with the recent reports of cross-protection and weak cross-reactivity between PRRSV-
1 and PRRSV-2 (Burgara-Estrella et al., 2013; Choi et al., 2016; Kim et al., 2015; Park et 
al., 2015).  
Certain bacterial and viral vaccines have been shown to afford cross-species 
protection. A Brucella suis MLV was shown to protect against B. suis and cross-protect 
against B. abortus and B. mellitenesis challenge in mice; however, these are considered 
closely related strains (Halling et al., 2005; Zhu et al., 2016). Although vaccination with a 
bovine herpesvirus-1 MLV was proven to protect against heterologous bubaline 
herpesvirus-1 challenge, these two viruses have an almost identical glycoprotein B, with 
96.6% nucleotide homology, which is a major target of neutralizing antibodies (Alves 
Dummer et al., 2014; Montagnaro et al., 2014). Approximately 35% genetic difference 
exists between measles virus and canine distemper virus, both members of the genus 
Morbillivirus, family Paramyxoviridae. Cross-species protection has been observed in 
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dogs and non-human primates vaccinated with measles virus and challenged with canine 
distemper virus. Cross-neutralizing cellular immune responses were assumed to mediate 
the observed cross-protection, and while cross-neutralizing antibodies were not detected 
prior to challenge, the presence cross-reactive virus neutralizing epitopes was suggested 
(de Vries et al., 2014). T cell-mediated immune responses—CD4+ IFN-γ+ or IFN-γ+/TNF-
α+ cells—triggered by both homologous or heterologous re-stimulation has been observed 
for both Chlamydia suis and C. trachomatis infection (Kaser et al., 2017). Again, C. suis 
and C. trachomatis are closely related bacterial strains (Hadfield et al., 2017). 
Although our results do not reveal a significant cell-mediated immune response 
against the PRRSV-2 structural proteins in PRRSV-1-infected animals, they still 
demonstrate that certain individuals may be able to weakly recognize cross-reactive 
epitopes between both species. Other authors have confirmed the existence of cross-
protective immunity between both PRRSV species. In the absence of neutralizing 
antibodies—the best characterized correlate of protection for PRRSV—the question of 
whether these limited cross-reactive T cell responses could be responsible for the observed 
reduced levels of viremia, viral shedding, and microscopic lung lesions remains 
unanswered. The extraordinary genetic variability of PRRSV, coupled with the immense 
variability of SLA haplotypes, constitute a great obstacle for identifying immunodominant 
T cell epitopes. Nonetheless, evidence for non-sterilizing cross-protection in the absence 
of neutralizing antibodies, both within and between PRRSV species, continues to push 
forward the concept that T cells are a major component of the cross-reactive immune 
response against PRRSV. 
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 Table 5.1. Calculated nucleotide and amino acid pairwise distance (%) between the 
ORFs of SD01-08 and FL12. 
ORF (Protein) Nucleotide Amino Acid 
ORF1a (nsp1-8) 37.62 50.00 
ORF1b (nsp9-12) 34.57 30.89 
ORF2a (GP2) 32.84 34.17 
ORF3 (GP3) 32.23 39.04 
ORF4 (GP4) 33.40 29.78 
ORF5 (GP5) 34.80 41.54 
ORF6 (M) 31.03 21.39 
ORF7 (N) 29.44 34.17 
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Figure 5.1. Experimental design of cross-species reactivity study. Chronology of animal 
experiment. After an acclimatization period of one week, animals were infected with 
PRRSV-1 strain SD01-08 (n=6) at 0 DPI (q) or mock-infected with PBS (n=6). All 
animals were challenged with PRRSV-2 strain FL12 at 56 DPI (s) and humanely 
euthanized at 70 DPI. 
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Figure 5.2. IFN-γ SC recall responses in SD01-08-infected animals against FL12 structural 
protein peptide pools. PBMC obtained at 56 DPI from SD01-08- and mock-infected 
animals were re-stimulated with peptide pools representing the structural proteins of FL12 
and IFN-γ SC determined by ELISpot assay. Data were analyzed by unpaired t-test, and p-
values are presented.  
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Figure 5.3. IFN-γ SC recall responses in SD01-08-infected and challenged animals against 
FL12 structural protein peptide pools. PBMC obtained at 70 DPI (14 DPC) from SD01-08- 
and mock-infected animals were re-stimulated with peptide pools representing the 
structural proteins of FL12 and IFN-γ SC determined by ELISpot assay. Data were 
analyzed by unpaired t-test, and p-values are presented.   
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GENERAL DISCUSSION AND CONCLUSIONS 
 
The economic burden associated with PRRSV infection is on the rise, and both 
PRRSV-1 and PRRSV-2 are present in Asia, North America, and Europe, where most of 
the world’s swine production is concentrated. The genetic and antigenic variability of the 
virus and its outstanding capacity to evolve are a major hurdle for controlling and 
eliminating PRRSV. Nonetheless, several strategies have been demonstrated to be effective 
against it. While gilt acclimatization is commonly used to reduce the incidence of PRRSV-
associated disease in naïve animals, herd stabilization and closure are the most widely used 
method for eliminating PRRSV from a farm (Corzo et al., 2010; Linhares et al., 2014; 
Torremorell et al., 2002). The effectiveness of the hosts’ immune response against the virus 
can be illustrated by the success of herd stabilization and closure protocols, where PRRSV 
negative status can be achieved by limiting the introduction of susceptible animals while 
allowing those already infected to eliminate the virus. The success of these protocols is 
reliant on long periods of time where animals are not introduced into the herd (Loving et 
al., 2015). The absence of DIVA vaccines against PRRSV, the suboptimal protection 
afforded by MLV vaccination—outbreaks have been documented in well-vaccinated 
herds—and the extended periods of time required by current eradication strategies may 
make unrealistic a long-term and large-scale eradication of PRRSV (Vu et al., 2017; Wang 
et al., 2015). Thus, there is a pressing need to improve PRRSV vaccines, fundamentally in 
regard to their cross-protective efficacy which, in turn, would make PRRSV eradication 
much more feasible. 
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Immunity against PRRSV is complete and sterilizing in the presence of appropriate 
titers of neutralizing antibodies against homologous virus challenge (Lager et al., 1997; 
Osorio et al., 2002). Nonetheless, commercially available MLVs are poor inducers of 
neutralizing antibodies, and cross-neutralizing antibodies against heterologous isolates are 
rare to occur (Kim et al., 2007; Lopez and Osorio, 2004). Recently, broadly neutralizing 
antibodies have been shown to occur in sows with multiple exposures to PRRSV (Robinson 
et al., 2015). Partial protection against heterologous challenge is afforded by MLV 
vaccination, and it is assumed to be mediated by T cells (Zuckermann et al., 2007). The 
extent to which T cells may cross-react with heterologous PRRSV isolates is unknown. 
Thus, if protection can be afforded by cell-mediated responses, there is a necessity to 
characterize how these behave against the extensive genetic and antigenic array of PRRSV. 
Chapter III described the extensive variability observed in cell-mediated immune responses 
in PRRSV-infected animals against both homologous and heterologous isolates. When 
individual animal T cell responses against PRRSV were evaluated over a period of 11 
weeks, a significant variation was observed. While certain animals had robust T cell 
responses within two to four weeks after infection, others required over eight weeks to 
attain modest levels of PRRSV-specific IFN-γ SC. Most importantly, cell-mediated 
responses in PRRSV-2-infected animals were shown to be broadly cross-reactive against 
other PRRSV-2 isolates, but not against a PRRSV-1 strain, and that increased genetic 
heterology between PRRSV-2 isolates was not associated with reduced T cell responses. 
Although cell- and antibody-mediated responses were cross-reactive, no cross-reactive 
neutralizing antibodies were detected, regardless of genetic distance to the infection isolate. 
Finally, a moderate correlation between homologous T cell and neutralizing antibody 
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responses was described. Taken together, these results demonstrate that T cell responses 
against PRRSV-2 are cross-reactive to other PRRSV-2 isolates regardless of genetic 
distance, and may be mediate partial protection against heterologous challenge.  
Because Charerntantanakul et al. (2006) demonstrated that a higher presence of 
PRRSV-specific IFN-γ+ SC in MLV vaccinated animals was associated with reduction in 
viremia and microscopic lung lesions after challenge, the relative contribution of IFN-γ SC 
in FL12-infected animals against heterologous challenge was evaluated. To assess the 
extent of protection afforded by prior exposure to PRRSV, previously uninfected control 
animals were concurrently challenged. Immediately before challenge, the homologous 
(against strain FL12) T cell responses were higher than heterologous (against isolate 
16244B) ones, with the latter ranging between 100 and 300 IFN-γ SC/106 PBMC. During 
the 14 days following challenge an array of divergent patterns were observed. While some 
animals experienced a boost in both homologous and heterologous T cell responses at 7 
DPC, others experienced a decline. At 14 DPC this pattern repeated, with PRRSV-specific 
T cells in certain animals bouncing back, and in others going down. Overall, the mean T 
cell response for both homologous and heterologous virus was slightly boosted after 
challenge. As in the previous chapter, extensive cross-reactivity between PRRSV-2 isolates 
was observed. Furthermore, FL12-infected animals developed 16244B neutralizing 
antibodies within 14 days after challenge, and more importantly, cross-neutralizing 
antibodies against other heterologous isolates. Although the challenge data showed strong 
reduction of viremia, the viral load in lymph node and microscopic lung lesion were 
modestly, albeit significantly, reduced. 16244B-specific RNA in lymph node and tonsil 
was not detected, thus, the viral RNA quantified in those tissues corresponds to the ongoing 
140 
 
chronic infection of the primary inoculation with FL12. In the uninfected animals, a 
relatively homogeneous rapid development of T cell responses against homologous (in this 
case 16244B) and heterologous PRRSV-2 isolates was observed as early as 14 DPC, in 
sharp contrast to what occurred in our initial cross-reactivity study. This supports the 
hypothesis that the development T cell responses may be influenced by the age of the 
animal. Overall, these data demonstrate that previous infection with PRRSV affords 
protection against heterologous challenge, that manifests as solid reduction of viremia post 
challenge, as well as significant reduction in tissue viral load and microscopic lung lesions. 
Furthermore, it continues to advance the notion that T cells mediate heterologous 
protection against PRRSV. Finally, it proves that broadly neutralizing antibody responses 
can be achieved against PRRSV. 
Chapter V describes the efforts to better characterize the cross-reactivity of T cell 
responses between PRRSV-1 and PRRSV-2 at the structural protein level. Cell-mediated 
responses against the structural proteins of PRRSV are strong, and several T cell epitopes 
have been mapped to them, some of which are conserved (Bautista et al., 1999; Diaz et al., 
2009; Vashisht et al., 2008; Wang et al., 2011). Re-stimulating PBMC of SD01-08-infected 
animals, a PRRSV-1 strain, with peptide pools representing the structural proteins of FL12, 
a PRRSV-2 strain, did not elicit a significant T cell responses when compared to those of 
PBMC from mock-infected animals. Nevertheless, isolated episodes in which certain 
animals had apparent cross-reactive T cells against the M and N proteins were detected, 
though in a very limited capacity. Moreover, prior exposure to PRRSV-1 did not seem to 
prime the T cell response against PRRSV-2 challenge, as SD01-08-infected animals 
challenged with FL12 showed similar numbers of IFN-γ SC against the structural proteins 
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of FL12 than mock-infected and challenged animals. Therefore, and in unison with the 
results presented in the two previous chapters, there doesn’t seem to be a cross-reactive 
cell-mediated immune response between the structural proteins of PRRSV-1 and PRRSV-
2.  
Overall, the results presented in this dissertation further our understanding of 
humoral, but fundamentally cell-mediated immunity against PRRSV, and continues to 
advance our knowledge of swine immunology. Furthermore, these results can contribute 
to the ongoing efforts of developing broadly-protective vaccines against PRRSV that will 
in turn advance the eradication efforts against the virus.   
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APPENDICES 
 
A.1. Phosphate buffered saline (PBS) 
NaCl   140 mM 
KCl   2.7 mM 
Na2HPO4  10 mM 
KHPO4  1.8 mM 
  
143 
 
BIBLIOGRAPHY 
 
Adams, M.J., Lefkowitz, E.J., King, A.M., Harrach, B., Harrison, R.L., Knowles, N.J., 
Kropinski, A.M., Krupovic, M., Kuhn, J.H., Mushegian, A.R., Nibert, M., Sabanadzovic, 
S., Sanfacon, H., Siddell, S.G., Simmonds, P., Varsani, A., Zerbini, F.M., Gorbalenya, 
A.E., Davison, A.J., 2016. Ratification vote on taxonomic proposals to the International 
Committee on Taxonomy of Viruses (2016). Arch. Virol. 161, 2921-2949. 
Adams, M.J., Lefkowitz, E.J., King, A.M.Q., Harrach, B., Harrison, R.L., Knowles, N.J., 
Kropinski, A.M., Krupovic, M., Kuhn, J.H., Mushegian, A.R., Nibert, M., Sabanadzovic, 
S., Sanfacon, H., Siddell, S.G., Simmonds, P., Varsani, A., Zerbini, F.M., Gorbalenya, 
A.E., Davison, A.J., 2017. Changes to taxonomy and the International Code of Virus 
Classification and Nomenclature ratified by the International Committee on Taxonomy of 
Viruses (2017). Arch. Virol. 162, 2505-2538. 
Albina, E., Carrat, C., Charley, B., 1998a. Interferon-alpha response to swine arterivirus 
(PoAV), the porcine reproductive and respiratory syndrome virus. J. Interferon Cytokine 
Res. 18, 485-490. 
Albina, E., Leforban, Y., Baron, T., Plana Duran, J.P., Vannier, P., 1992. An enzyme linked 
immunosorbent assay (ELISA) for the detection of antibodies to the porcine reproductive 
and respiratory syndrome (PRRS) virus. Ann. Rech. Vet. 23, 167-176. 
Albina, E., Piriou, L., Hutet, E., Cariolet, R., L'Hospitalier, R., 1998b. Immune responses 
in pigs infected with porcine reproductive and respiratory syndrome virus (PRRSV). Vet. 
Immunol. Immunopathol. 61, 49-66. 
Allende, R., Laegreid, W.W., Kutish, G.F., Galeota, J.A., Wills, R.W., Osorio, F.A., 2000. 
Porcine Reproductive and Respiratory Syndrome Virus: Description of Persistence in 
Individual Pigs upon Experimental Infection. J. Virol. 74, 10834-10837. 
Allende, R., Lewis, T.L., Lu, Z., Rock, D.L., Kutish, G.F., Ali, A., Doster, A.R., Osorio, 
F.A., 1999. North American and European porcine reproductive and respiratory syndrome 
viruses differ in non-structural protein coding regions. J. Gen. Virol. 80 ( Pt 2), 307-315. 
Alves Dummer, L., Pereira Leivas Leite, F., van Drunen Littel-van den Hurk, S., 2014. 
Bovine herpesvirus glycoprotein D: a review of its structural characteristics and 
applications in vaccinology. Vet. Res. 45, 111. 
Andreyev, V.G., Wesley, R.D., Mengeling, W.L., Vorwald, A.C., Lager, K.M., 1997. 
Genetic variation and phylogenetic relationships of 22 porcine reproductive and respiratory 
syndrome virus (PRRSV) field strains based on sequence analysis of open reading frame 
5. Arch. Virol. 142, 993-1001. 
Ansari, I.H., Kwon, B., Osorio, F.A., Pattnaik, A.K., 2006. Influence of N-linked 
glycosylation of porcine reproductive and respiratory syndrome virus GP5 on virus 
144 
 
infectivity, antigenicity, and ability to induce neutralizing antibodies. J. Virol. 80, 3994-
4004. 
Bautista, E.M., Goyal, S.M., Yoon, I.J., Joo, H.S., Collins, J.E., 1993a. Comparison of 
porcine alveolar macrophages and CL 2621 for the detection of porcine reproductive and 
respiratory syndrome (PRRS) virus and anti-PRRS antibody. J. Vet. Diagn. Invest. 5, 163-
165. 
Bautista, E.M., Meulenberg, J.J., Choi, C.S., Molitor, T.W., 1996. Structural polypeptides 
of the American (VR-2332) strain of porcine reproductive and respiratory syndrome virus. 
Arch. Virol. 141, 1357-1365. 
Bautista, E.M., Molitor, T.W., 1997. Cell-mediated immunity to porcine reproductive and 
respiratory syndrome virus in swine. Viral Immunol. 10, 83-94. 
Bautista, E.M., Morrison, R., Goyal, S.M., Collins, J.E., Annelli, J.F., 1993b. 
Seroprevalence of PRRS virus in the United States. J. Swine Health Prod. 1, 4-8. 
Bautista, E.M., Suarez, P., Molitor, T.W., 1999. T cell responses to the structural 
polypeptides of porcine reproductive and respiratory syndrome virus. Arch. Virol. 144, 
117-134. 
Beerens, N., Selisko, B., Ricagno, S., Imbert, I., van der Zanden, L., Snijder, E.J., Canard, 
B., 2007. De novo initiation of RNA synthesis by the arterivirus RNA-dependent RNA 
polymerase. J. Virol. 81, 8384-8395. 
Benfield, D.A., Nelson, C., Steffen, M., Rowland, R.R.R., 2000. Transmission of PRRSV 
by artificial insemination using extended semen seeded with different concentrations of 
PRRSV, 31st Annual Meeting of the American Association of Swine Practitioners, 
Indianapolis, IN, pp. 405-408. 
Benfield, D.A., Nelson, E., Collins, J.E., Harris, L., Goyal, S.M., Robison, D., 
Christianson, W.T., Morrison, R.B., Gorcyca, D., Chladek, D., 1992. Characterization of 
swine infertility and respiratory syndrome (SIRS) virus (isolate ATCC VR-2332). J. Vet. 
Diagn. Invest. 4, 127-133. 
Beura, L.K., Sarkar, S.N., Kwon, B., Subramaniam, S., Jones, C., Pattnaik, A.K., Osorio, 
F.A., 2010. Porcine reproductive and respiratory syndrome virus nonstructural protein 
1beta modulates host innate immune response by antagonizing IRF3 activation. J. Virol. 
84, 1574-1584. 
Beura, L.K., Subramaniam, S., Vu, H.L., Kwon, B., Pattnaik, A.K., Osorio, F.A., 2012. 
Identification of amino acid residues important for anti-IFN activity of porcine 
reproductive and respiratory syndrome virus non-structural protein 1. Virology 433, 431-
439. 
145 
 
Bierk, M.D., Dee, S.A., Rossow, K.D., Otake, S., Collins, J.E., Molitor, T.W., 2001. 
Transmission of porcine reproductive and respiratory syndrome virus from persistently 
infected sows to contact controls. Can. J. Vet. Res. 65, 261-266. 
Binjawadagi, B., Dwivedi, V., Manickam, C., Ouyang, K., Wu, Y., Lee, L.J., Torrelles, 
J.B., Renukaradhya, G.J., 2014. Adjuvanted poly(lactic-co-glycolic) acid nanoparticle-
entrapped inactivated porcine reproductive and respiratory syndrome virus vaccine elicits 
cross-protective immune response in pigs. Int J Nanomedicine 9, 679-694. 
Blome, S., Moss, C., Reimann, I., Konig, P., Beer, M., 2017. Classical swine fever 
vaccines-State-of-the-art. Vet. Microbiol. 206, 10-20. 
Brown, E., Lawson, S., Welbon, C., Gnanandarajah, J., Li, J., Murtaugh, M.P., Nelson, 
E.A., Molina, R.M., Zimmerman, J.J., Rowland, R.R., Fang, Y., 2009. Antibody response 
to porcine reproductive and respiratory syndrome virus (PRRSV) nonstructural proteins 
and implications for diagnostic detection and differentiation of PRRSV types I and II. Clin. 
Vaccine Immunol. 16, 628-635. 
Burgara-Estrella, A., Diaz, I., Rodriguez-Gomez, I.M., Essler, S.E., Hernandez, J., Mateu, 
E., 2013. Predicted peptides from non-structural proteins of porcine reproductive and 
respiratory syndrome virus are able to induce IFN-gamma and IL-10. Viruses 5, 663-677. 
Calvert, J.G., Slade, D.E., Shields, S.L., Jolie, R., Mannan, R.M., Ankenbauer, R.G., 
Welch, S.K., 2007. CD163 expression confers susceptibility to porcine reproductive and 
respiratory syndrome viruses. J. Virol. 81, 7371-7379. 
Calzada-Nova, G., Schnitzlein, W.M., Husmann, R.J., Zuckermann, F.A., 2011. North 
American porcine reproductive and respiratory syndrome viruses inhibit type I interferon 
production by plasmacytoid dendritic cells. J. Virol. 85, 2703-2713. 
Cancel-Tirado, S.M., Evans, R.B., Yoon, K.J., 2004. Monoclonal antibody analysis of 
porcine reproductive and respiratory syndrome virus epitopes associated with antibody-
dependent enhancement and neutralization of virus infection. Vet. Immunol. 
Immunopathol. 102, 249-262. 
Cano, J.P., Dee, S.A., Murtaugh, M.P., Pijoan, C., 2007. Impact of a modified-live porcine 
reproductive and respiratory syndrome virus vaccine intervention on a population of pigs 
infected with a heterologous isolate. Vaccine 25, 4382-4391. 
Carman, S., Sanford, S.E., Dea, S., 1995. Assessment of seropositivity to porcine 
reproductive and respiratory syndrome (PRRS) virus in swine herds in Ontario--1978 to 
1982. Can. Vet. J. 36, 776-777. 
Cavanagh, D., 1997. Nidovirales: a new order comprising Coronaviridae and Arteriviridae. 
Arch. Virol. 142, 629-633. 
Charerntantanakul, W., Platt, R., Johnson, W., Roof, M., Vaughn, E., Roth, J.A., 2006. 
Immune responses and protection by vaccine and various vaccine adjuvant candidates to 
146 
 
virulent porcine reproductive and respiratory syndrome virus. Vet. Immunol. 
Immunopathol. 109, 99-115. 
Cho, J.G., Dee, S.A., Deen, J., Trincado, C., Fano, E., Jiang, Y., Faaberg, K., Murtaugh, 
M.P., Guedes, A., Collins, J.E., Joo, H.S., 2006. The impact of animal age, bacterial 
coinfection, and isolate pathogenicity on the shedding of porcine reproductive and 
respiratory syndrome virus in aerosols from experimentally infected pigs. Can. J. Vet. Res. 
70, 297-301. 
Choi, K., Park, C., Jeong, J., Chae, C., 2016. Comparison of protection provided by type 1 
and type 2 porcine reproductive and respiratory syndrome field viruses against homologous 
and heterologous challenge. Vet. Microbiol. 191, 72-81. 
Christianson, W.T., Choi, C.S., Collins, J.E., Molitor, T.W., Morrison, R.B., Joo, H.S., 
1993. Pathogenesis of porcine reproductive and respiratory syndrome virus infection in 
mid-gestation sows and fetuses. Can. J. Vet. Res. 57, 262-268. 
Christianson, W.T., Collins, J.E., Benfield, D.A., Harris, L., Gorcyca, D.E., Chladek, 
D.W., Morrison, R.B., Joo, H.S., 1992. Experimental reproduction of swine infertility and 
respiratory syndrome in pregnant sows. Am. J. Vet. Res. 53, 485-488. 
Christopher-Hennings, J., Nelson, E.A., Hines, R.J., Nelson, J.K., Swenson, S.L., 
Zimmerman, J.J., Chase, C.L., Yaeger, M.J., Benfield, D.A., 1995. Persistence of porcine 
reproductive and respiratory syndrome virus in serum and semen of adult boars. J. Vet. 
Diagn. Invest. 7, 456-464. 
Collins, J.E., Benfield, D.A., Christianson, W.T., Harris, L., Hennings, J.C., Shaw, D.P., 
Goyal, S.M., McCullough, S., Morrison, R.B., Joo, H.S., et al., 1992. Isolation of swine 
infertility and respiratory syndrome virus (isolate ATCC VR-2332) in North America and 
experimental reproduction of the disease in gnotobiotic pigs. J. Vet. Diagn. Invest. 4, 117-
126. 
Corzo, C.A., Mondaca, E., Wayne, S., Torremorell, M., Dee, S., Davies, P., Morrison, 
R.B., 2010. Control and elimination of porcine reproductive and respiratory syndrome 
virus. Virus Res. 154, 185-192. 
Costers, S., Lefebvre, D.J., Van Doorsselaere, J., Vanhee, M., Delputte, P.L., Nauwynck, 
H.J., 2010. GP4 of porcine reproductive and respiratory syndrome virus contains a 
neutralizing epitope that is susceptible to immunoselection in vitro. Arch. Virol. 155, 371-
378. 
Cruz, J.L., Zuniga, S., Becares, M., Sola, I., Ceriani, J.E., Juanola, S., Plana, J., Enjuanes, 
L., 2010. Vectored vaccines to protect against PRRSV. Virus Res. 154, 150-160. 
Cutler, T.D., Wang, C., Hoff, S.J., Kittawornrat, A., Zimmerman, J.J., 2011. Median 
infectious dose (ID(5)(0)) of porcine reproductive and respiratory syndrome virus isolate 
MN-184 via aerosol exposure. Vet. Microbiol. 151, 229-237. 
147 
 
Das, P.B., Dinh, P.X., Ansari, I.H., de Lima, M., Osorio, F.A., Pattnaik, A.K., 2010. The 
minor envelope glycoproteins GP2a and GP4 of porcine reproductive and respiratory 
syndrome virus interact with the receptor CD163. J. Virol. 84, 1731-1740. 
Das, P.B., Vu, H.L., Dinh, P.X., Cooney, J.L., Kwon, B., Osorio, F.A., Pattnaik, A.K., 
2011. Glycosylation of minor envelope glycoproteins of porcine reproductive and 
respiratory syndrome virus in infectious virus recovery, receptor interaction, and immune 
response. Virology 410, 385-394. 
de Lima, M., Ansari, I.H., Das, P.B., Ku, B.J., Martinez-Lobo, F.J., Pattnaik, A.K., Osorio, 
F.A., 2009. GP3 is a structural component of the PRRSV type II (US) virion. Virology 390, 
31-36. 
De Silva, N.S., Klein, U., 2015. Dynamics of B cells in germinal centres. Nat. Rev. 
Immunol. 15, 137-148. 
de Vries, R.D., Ludlow, M., Verburgh, R.J., van Amerongen, G., Yuksel, S., Nguyen, D.T., 
McQuaid, S., Osterhaus, A.D., Duprex, W.P., de Swart, R.L., 2014. Measles vaccination 
of nonhuman primates provides partial protection against infection with canine distemper 
virus. J. Virol. 88, 4423-4433. 
Dea, S., Sawyer, N., Alain, R., Athanassious, R., 1995. Ultrastructural characteristics and 
morphogenesis of porcine reproductive and respiratory syndrome virus propagated in the 
highly permissive MARC-145 cell clone. Adv. Exp. Med. Biol. 380, 95-98. 
Dee, S.A., 2003. Approaches to prevention, control, and erradication, in: Zimmerman, J., 
Yoon, K.J. (Eds.), 2003 PRRS compendium, 2nd ed. National Pork Board, Ames, IA, pp. 
119-130. 
Dee, S.A., Joo, H.S., 1994. Recurrent reproductive failure associated with porcine 
reproductive and respiratory syndrome in a swine herd. J. Am. Vet. Med. Assoc. 205, 1017-
1018. 
Delputte, P.L., Meerts, P., Costers, S., Nauwynck, H.J., 2004. Effect of virus-specific 
antibodies on attachment, internalization and infection of porcine reproductive and 
respiratory syndrome virus in primary macrophages. Vet. Immunol. Immunopathol. 102, 
179-188. 
den Boon, J.A., Kleijnen, M.F., Spaan, W.J., Snijder, E.J., 1996. Equine arteritis virus 
subgenomic mRNA synthesis: analysis of leader-body junctions and replicative-form 
RNAs. J. Virol. 70, 4291-4298. 
Dhiman, N., Ovsyannikova, I.G., Ryan, J.E., Jacobson, R.M., Vierkant, R.A., Pankratz, 
V.S., Jacobsen, S.J., Poland, G.A., 2005. Correlations among measles virus-specific 
antibody, lymphoproliferation and Th1/Th2 cytokine responses following measles-
mumps-rubella-II (MMR-II) vaccination. Clin. Exp. Immunol. 142, 498-504. 
148 
 
Diaz, I., Ganges, L., Galindo-Cardiel, I., Tarradas, J., Alvarez, B., Lorca-Oro, C., Pujols, 
J., Gimeno, M., Darwich, L., Domingo, M., Dominguez, J., Mateu, E., 2013. Immunization 
with DNA vaccines containing porcine reproductive and respiratory syndrome virus open 
reading frames 5, 6, and 7 may be related to the exacerbation of clinical disease after an 
experimental challenge. Viral Immunol. 26, 93-101. 
Diaz, I., Gimeno, M., Darwich, L., Navarro, N., Kuzemtseva, L., Lopez, S., Galindo, I., 
Segales, J., Martin, M., Pujols, J., Mateu, E., 2012. Characterization of homologous and 
heterologous adaptive immune responses in porcine reproductive and respiratory syndrome 
virus infection. Vet. Res. 43, 30. 
Diaz, I., Pujols, J., Ganges, L., Gimeno, M., Darwich, L., Domingo, M., Mateu, E., 2009. 
In silico prediction and ex vivo evaluation of potential T-cell epitopes in glycoproteins 4 
and 5 and nucleocapsid protein of genotype-I (European) of porcine reproductive and 
respiratory syndrome virus. Vaccine 27, 5603-5611. 
Dokland, T., 2010. The structural biology of PRRSV. Virus Res. 154, 86-97. 
Done, S.H., Paton, D.J., 1995. Porcine reproductive and respiratory syndrome: clinical 
disease, pathology and immunosuppression. Vet. Rec. 136, 32-35. 
Done, S.H., Paton, D.J., White, M.E., 1996. Porcine reproductive and respiratory syndrome 
(PRRS): a review, with emphasis on pathological, virological and diagnostic aspects. Br. 
Vet. J. 152, 153-174. 
Du, J., Ge, X., Liu, Y., Jiang, P., Wang, Z., Zhang, R., Zhou, L., Guo, X., Han, J., Yang, 
H., 2015. Targeting Swine Leukocyte Antigen Class I Molecules for Proteasomal 
Degradation by the nsp1alpha Replicase Protein of the Chinese Highly Pathogenic Porcine 
Reproductive and Respiratory Syndrome Virus Strain JXwn06. J. Virol. 90, 682-693. 
Duan, X., Nauwynck, H.J., Pensaert, M.B., 1997a. Effects of origin and state of 
differentiation and activation of monocytes/macrophages on their susceptibility to porcine 
reproductive and respiratory syndrome virus (PRRSV). Arch. Virol. 142, 2483-2497. 
Duan, X., Nauwynck, H.J., Pensaert, M.B., 1997b. Virus quantification and identification 
of cellular targets in the lungs and lymphoid tissues of pigs at different time intervals after 
inoculation with porcine reproductive and respiratory syndrome virus (PRRSV). Vet. 
Microbiol. 56, 9-19. 
Dwivedi, V., Manickam, C., Binjawadagi, B., Linhares, D., Murtaugh, M.P., 
Renukaradhya, G.J., 2012. Evaluation of immune responses to porcine reproductive and 
respiratory syndrome virus in pigs during early stage of infection under farm conditions. 
Virol J. 9, 45. 
Dwivedi, V., Manickam, C., Patterson, R., Dodson, K., Murtaugh, M., Torrelles, J.B., 
Schlesinger, L.S., Renukaradhya, G.J., 2011. Cross-protective immunity to porcine 
reproductive and respiratory syndrome virus by intranasal delivery of a live virus vaccine 
with a potent adjuvant. Vaccine 29, 4058-4066. 
149 
 
Edgar, R.C., 2004. MUSCLE: multiple sequence alignment with high accuracy and high 
throughput. Nucleic Acids Res. 32, 1792-1797. 
Evans, C.M., Medley, G.F., Creasey, S.J., Green, L.E., 2010. A stochastic mathematical 
model of the within-herd transmission dynamics of Porcine Reproductive and Respiratory 
Syndrome Virus (PRRSV): fade-out and persistence. Prev. Vet. Med. 93, 248-257. 
Faaberg, K.S., Balasuriya, U.B., Brinton, M.A., Gorbalenya, A.E., Leung, F.C., 
Nauwynck, H., Snijder, E.J., Stadejek, T., Yang, H., Yoo, D., 2012. Family – Arteriviridae, 
in: King, A.M.Q., Adams, M.J., Carstens, E.B., Lefkowitz, E.J. (Eds.), Virus Taxonomy, 
Ninth Report of the International Committee on Taxonomy of Viruses. Academic Press, 
pp. 796-805. 
Fang, Y., Rowland, R.R., Roof, M., Lunney, J.K., Christopher-Hennings, J., Nelson, E.A., 
2006. A full-length cDNA infectious clone of North American type 1 porcine reproductive 
and respiratory syndrome virus: expression of green fluorescent protein in the Nsp2 region. 
J. Virol. 80, 11447-11455. 
Fang, Y., Treffers, E.E., Li, Y., Tas, A., Sun, Z., van der Meer, Y., de Ru, A.H., van Veelen, 
P.A., Atkins, J.F., Snijder, E.J., Firth, A.E., 2012. Efficient -2 frameshifting by mammalian 
ribosomes to synthesize an additional arterivirus protein. Proc. Natl. Acad. Sci. U. S. A. 
109, E2920-2928. 
Feng, W.H., Tompkins, M.B., Xu, J.S., Brown, T.T., Laster, S.M., Zhang, H.X., McCaw, 
M.B., 2002. Thymocyte and peripheral blood T lymphocyte subpopulation changes in 
piglets following in utero infection with porcine reproductive and respiratory syndrome 
virus. Virology 302, 363-372. 
FitzSimmons, M.A., Daniels, C.S., 2003. Control in large systems, in: Zimmerman, J., 
Yoon, K.J. (Eds.), 2003 PRRS compendium, 2nd ed. National Pork Board, Des Moines, 
IA, pp. 137-142. 
Forsberg, R., 2005. Divergence time of porcine reproductive and respiratory syndrome 
virus subtypes. Mol. Biol. Evol. 22, 2131-2134. 
Franzoni, G., Kurkure, N.V., Edgar, D.S., Everett, H.E., Gerner, W., Bodman-Smith, K.B., 
Crooke, H.R., Graham, S.P., 2013a. Assessment of the phenotype and functionality of 
porcine CD8 T cell responses following vaccination with live attenuated classical swine 
fever virus (CSFV) and virulent CSFV challenge. Clin. Vaccine Immunol. 20, 1604-1616. 
Franzoni, G., Kurkure, N.V., Essler, S.E., Pedrera, M., Everett, H.E., Bodman-Smith, K.B., 
Crooke, H.R., Graham, S.P., 2013b. Proteome-wide screening reveals immunodominance 
in the CD8 T cell response against classical swine fever virus with antigen-specificity 
dependent on MHC class I haplotype expression. PLoS One 8, e84246. 
Freuling, C.M., Muller, T.F., Mettenleiter, T.C., 2017. Vaccines against pseudorabies virus 
(PrV). Vet. Microbiol. 206, 3-9. 
150 
 
Gerner, W., Talker, S.C., Koinig, H.C., Sedlak, C., Mair, K.H., Saalmuller, A., 2015. 
Phenotypic and functional differentiation of porcine alphabeta T cells: current knowledge 
and available tools. Mol. Immunol. 66, 3-13. 
Goldberg, T.L., Hahn, E.C., Weigel, R.M., Scherba, G., 2000. Genetic, geographical and 
temporal variation of porcine reproductive and respiratory syndrome virus in Illinois. J. 
Gen. Virol. 81, 171-179. 
Gomez-Laguna, J., Salguero, F.J., De Marco, M.F., Pallares, F.J., Bernabe, A., Carrasco, 
L., 2009. Changes in lymphocyte subsets and cytokines during European porcine 
reproductive and respiratory syndrome: increased expression of IL-12 and IL-10 and 
proliferation of CD4(-)CD8(high). Viral Immunol. 22, 261-271. 
Gu, W., Guo, L., Yu, H., Niu, J., Huang, M., Luo, X., Li, R., Tian, Z., Feng, L., Wang, Y., 
2015. Involvement of CD16 in antibody-dependent enhancement of porcine reproductive 
and respiratory syndrome virus infection. J. Gen. Virol. 96, 1712-1722. 
Hadfield, J., Harris, S.R., Seth-Smith, H.M.B., Parmar, S., Andersson, P., Giffard, P.M., 
Schachter, J., Moncada, J., Ellison, L., Vaulet, M.L.G., Fermepin, M.R., Radebe, F., 
Mendoza, S., Ouburg, S., Morre, S.A., Sachse, K., Puolakkainen, M., Korhonen, S.J., 
Sonnex, C., Wiggins, R., Jalal, H., Brunelli, T., Casprini, P., Pitt, R., Ison, C., Savicheva, 
A., Shipitsyna, E., Hadad, R., Kari, L., Burton, M.J., Mabey, D., Solomon, A.W., Lewis, 
D., Marsh, P., Unemo, M., Clarke, I.N., Parkhill, J., Thomson, N.R., 2017. Comprehensive 
global genome dynamics of Chlamydia trachomatis show ancient diversification followed 
by contemporary mixing and recent lineage expansion. Genome Res. 27, 1220-1229. 
Halbur, P.G., Andrews, J.J., Huffman, E.L., Paul, P.S., Meng, X.J., Niyo, Y., 1994. 
Development of a streptavidin-biotin immunoperoxidase procedure for the detection of 
porcine reproductive and respiratory syndrome virus antigen in porcine lung. J. Vet. Diagn. 
Invest. 6, 254-257. 
Halbur, P.G., Miller, L.D., Paul, P.S., Meng, X.J., Huffman, E.L., Andrews, J.J., 1995a. 
Immunohistochemical identification of porcine reproductive and respiratory syndrome 
virus (PRRSV) antigen in the heart and lymphoid system of three-week-old colostrum-
deprived pigs. Vet. Pathol. 32, 200-204. 
Halbur, P.G., Paul, P.S., Andrews, J.J., Sanderson, T.P., Ross, R.F., Schwartz, K.J., Frey, 
M.L., Erickson, B.J., Hill, H.T., Hoffman, L.J., 1993. Experimental transmission of an 
apparent viral pneumonia in conventional and gnotobiotic pigs. Vet. Rec. 132, 263-266. 
Halbur, P.G., Paul, P.S., Frey, M.L., Landgraf, J., Eernisse, K., Meng, X.J., Lum, M.A., 
Andrews, J.J., Rathje, J.A., 1995b. Comparison of the pathogenicity of two US porcine 
reproductive and respiratory syndrome virus isolates with that of the Lelystad virus. Vet. 
Pathol. 32, 648-660. 
Halling, S.M., Peterson-Burch, B.D., Bricker, B.J., Zuerner, R.L., Qing, Z., Li, L.L., 
Kapur, V., Alt, D.P., Olsen, S.C., 2005. Completion of the genome sequence of Brucella 
151 
 
abortus and comparison to the highly similar genomes of Brucella melitensis and Brucella 
suis. J. Bacteriol. 187, 2715-2726. 
Han, M., Yoo, D., 2014. Modulation of innate immune signaling by nonstructural protein 
1 (nsp1) in the family Arteriviridae. Virus Res. 194, 100-109. 
Hanada, K., Suzuki, Y., Nakane, T., Hirose, O., Gojobori, T., 2005. The origin and 
evolution of porcine reproductive and respiratory syndrome viruses. Mol. Biol. Evol. 22, 
1024-1031. 
Hermann, J.R., Munoz-Zanzi, C.A., Roof, M.B., Burkhart, K., Zimmerman, J.J., 2005. 
Probability of porcine reproductive and respiratory syndrome (PRRS) virus infection as a 
function of exposure route and dose. Vet. Microbiol. 110, 7-16. 
Hermann, J.R., Munoz-Zanzi, C.A., Zimmerman, J.J., 2009. A method to provide 
improved dose-response estimates for airborne pathogens in animals: an example using 
porcine reproductive and respiratory syndrome virus. Vet. Microbiol. 133, 297-302. 
Holtkamp, D.J., Kliebenstein, J.B., Neumann, E.J., Zimmerman, J.J., Rotto, H.F., Yoder, 
T.K., Wang, C., Yeske, P.E., Mowrer, C.L., Haley, C.A., 2013. Assessment of the 
economic impact of porcine reproductive and respiratory syndrome virus on United States 
pork producers. J. Swine Health Prod. 21, 72-84. 
Hopper, S.A., White, M.E., Twiddy, N., 1992. An outbreak of blue-eared pig disease 
(porcine reproductive and respiratory syndrome) in four pig herds in Great Britain. Vet. 
Rec. 131, 140-144. 
Horter, D.C., Pogranichniy, R.M., Chang, C.C., Evans, R.B., Yoon, K.J., Zimmerman, J.J., 
2002. Characterization of the carrier state in porcine reproductive and respiratory syndrome 
virus infection. Vet. Microbiol. 86, 213-228. 
Jacobson, R.M., Ovsyannikova, I.G., Vierkant, R.A., Pankratz, V.S., Poland, G.A., 2012. 
Independence of measles-specific humoral and cellular immune responses to vaccination. 
Hum. Immunol. 73, 474-479. 
Jing, L., Laing, K.J., Dong, L., Russell, R.M., Barlow, R.S., Haas, J.G., Ramchandani, 
M.S., Johnston, C., Buus, S., Redwood, A.J., White, K.D., Mallal, S.A., Phillips, E.J., 
Posavad, C.M., Wald, A., Koelle, D.M., 2016. Extensive CD4 and CD8 T Cell Cross-
Reactivity between Alphaherpesviruses. J. Immunol. 196, 2205-2218. 
Johnson, C.R., Griggs, T.F., Gnanandarajah, J., Murtaugh, M.P., 2011. Novel structural 
protein in porcine reproductive and respiratory syndrome virus encoded by an alternative 
ORF5 present in all arteriviruses. J. Gen. Virol. 92, 1107-1116. 
Kappes, M.A., Faaberg, K.S., 2015. PRRSV structure, replication and recombination: 
Origin of phenotype and genotype diversity. Virology 479-480, 475-486. 
152 
 
Karniychuk, U.U., Nauwynck, H.J., 2013. Pathogenesis and prevention of placental and 
transplacental porcine reproductive and respiratory syndrome virus infection. Vet. Res. 44, 
95. 
Kaser, T., Pasternak, J.A., Delgado-Ortega, M., Hamonic, G., Lai, K., Erickson, J., Walker, 
S., Dillon, J.R., Gerdts, V., Meurens, F., 2017. Chlamydia suis and Chlamydia trachomatis 
induce multifunctional CD4 T cells in pigs. Vaccine 35, 91-100. 
Ke, H., Yoo, D., 2017. The viral innate immune antagonism and an alternative vaccine 
design for PRRS virus. Vet. Microbiol. 
Keffaber, K.K., 1989. Reproductive failure of unknown etiology, American Association of 
Swine Practitioners Newsletter, pp. 1-10. 
Kim, H.S., Kwang, J., Yoon, I.J., Joo, H.S., Frey, M.L., 1993. Enhanced replication of 
porcine reproductive and respiratory syndrome (PRRS) virus in a homogeneous 
subpopulation of MA-104 cell line. Arch. Virol. 133, 477-483. 
Kim, T., Park, C., Choi, K., Jeong, J., Kang, I., Park, S.J., Chae, C., 2015. Comparison of 
Two Commercial Type 1 Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) 
Modified Live Vaccines against Heterologous Type 1 and Type 2 PRRSV Challenge in 
Growing Pigs. Clin. Vaccine Immunol. 22, 631-640. 
Kim, W.I., Lee, D.S., Johnson, W., Roof, M., Cha, S.H., Yoon, K.J., 2007. Effect of 
genotypic and biotypic differences among PRRS viruses on the serologic assessment of 
pigs for virus infection. Vet. Microbiol. 123, 1-14. 
Klinge, K.L., Vaughn, E.M., Roof, M.B., Bautista, E.M., Murtaugh, M.P., 2009. Age-
dependent resistance to Porcine reproductive and respiratory syndrome virus replication in 
swine. Virol J. 6, 177. 
Knoops, K., Barcena, M., Limpens, R.W., Koster, A.J., Mommaas, A.M., Snijder, E.J., 
2012. Ultrastructural characterization of arterivirus replication structures: reshaping the 
endoplasmic reticulum to accommodate viral RNA synthesis. J. Virol. 86, 2474-2487. 
Kreutz, L.C., Ackermann, M.R., 1996. Porcine reproductive and respiratory syndrome 
virus enters cells through a low pH-dependent endocytic pathway. Virus Res. 42, 137-147. 
Kuhn, J.H., Lauck, M., Bailey, A.L., Shchetinin, A.M., Vishnevskaya, T.V., Bao, Y., Ng, 
T.F., LeBreton, M., Schneider, B.S., Gillis, A., Tamoufe, U., Diffo Jle, D., Takuo, J.M., 
Kondov, N.O., Coffey, L.L., Wolfe, N.D., Delwart, E., Clawson, A.N., Postnikova, E., 
Bollinger, L., Lackemeyer, M.G., Radoshitzky, S.R., Palacios, G., Wada, J., Shevtsova, 
Z.V., Jahrling, P.B., Lapin, B.A., Deriabin, P.G., Dunowska, M., Alkhovsky, S.V., Rogers, 
J., Friedrich, T.C., O'Connor, D.H., Goldberg, T.L., 2016. Reorganization and expansion 
of the nidoviral family Arteriviridae. Arch. Virol. 161, 755-768. 
Kumar, S., Stecher, G., Tamura, K., 2016. MEGA7: Molecular Evolutionary Genetics 
Analysis Version 7.0 for Bigger Datasets. Mol. Biol. Evol. 33, 1870-1874. 
153 
 
Kurosaki, T., Kometani, K., Ise, W., 2015. Memory B cells. Nat. Rev. Immunol. 15, 149-
159. 
Labarque, G., 2003. Respiratory tract protection upon challenge of pigs vaccinated with 
attenuated porcine reproductive and respiratory syndrome virus vaccines. Vet. Microbiol. 
95, 187-197. 
Labarque, G., G., Nauwynck, H., J., van Woensel, P., A.M., Visser, N., Pensaert, M., B., 
2000. Efficacy of an American and a European serotype PRRSV vaccine after challenge 
with American and European wild–type strains of the virus. Vet. Res. 31, 97. 
Lager, K.M., Mengeling, W.L., 1995. Pathogenesis of in utero infection in porcine fetuses 
with porcine reproductive and respiratory syndrome virus. Can. J. Vet. Res. 59, 187-192. 
Lager, K.M., Mengeling, W.L., Brockmeier, S.L., 1997. Duration of homologous porcine 
reproductive and respiratory syndrome virus immunity in pregnant swine. Vet. Microbiol. 
58, 127-133. 
Lee, C., Yoo, D., 2006. The small envelope protein of porcine reproductive and respiratory 
syndrome virus possesses ion channel protein-like properties. Virology 355, 30-43. 
Lee, S.M., Kleiboeker, S.B., 2007. Porcine reproductive and respiratory syndrome virus 
induces apoptosis through a mitochondria-mediated pathway. Virology 365, 419-434. 
Li, Y., Tas, A., Snijder, E.J., Fang, Y., 2012. Identification of porcine reproductive and 
respiratory syndrome virus ORF1a-encoded non-structural proteins in virus-infected cells. 
J. Gen. Virol. 93, 829-839. 
Li, Y., Tas, A., Sun, Z., Snijder, E.J., Fang, Y., 2015. Proteolytic processing of the porcine 
reproductive and respiratory syndrome virus replicase. Virus Res. 202, 48-59. 
Li, Y., Treffers, E.E., Napthine, S., Tas, A., Zhu, L., Sun, Z., Bell, S., Mark, B.L., van 
Veelen, P.A., van Hemert, M.J., Firth, A.E., Brierley, I., Snijder, E.J., Fang, Y., 2014. 
Transactivation of programmed ribosomal frameshifting by a viral protein. Proc. Natl. 
Acad. Sci. U. S. A. 111, E2172-2181. 
Linhares, D.C., Cano, J.P., Torremorell, M., Morrison, R.B., 2014. Comparison of time to 
PRRSv-stability and production losses between two exposure programs to control PRRSv 
in sow herds. Prev. Vet. Med. 116, 111-119. 
Linhares, D.C., Cano, J.P., Wetzell, T., Nerem, J., Torremorell, M., Dee, S.A., 2012. Effect 
of modified-live porcine reproductive and respiratory syndrome virus (PRRSv) vaccine on 
the shedding of wild-type virus from an infected population of growing pigs. Vaccine 30, 
407-413. 
Liu, Y., Shi, W., Zhou, E., Wang, S., Hu, S., Cai, X., Rong, F., Wu, J., Xu, M., Xu, M., Li, 
L., 2010. Dynamic changes in inflammatory cytokines in pigs infected with highly 
154 
 
pathogenic porcine reproductive and respiratory syndrome virus. Clin. Vaccine Immunol. 
17, 1439-1445. 
Loemba, H.D., Mounir, S., Mardassi, H., Archambault, D., Dea, S., 1996. Kinetics of 
humoral immune response to the major structural proteins of the porcine reproductive and 
respiratory syndrome virus. Arch. Virol. 141, 751-761. 
Lopez, O.J., Oliveira, M.F., Garcia, E.A., Kwon, B.J., Doster, A., Osorio, F.A., 2007. 
Protection against porcine reproductive and respiratory syndrome virus (PRRSV) infection 
through passive transfer of PRRSV-neutralizing antibodies is dose dependent. Clin. 
Vaccine Immunol. 14, 269-275. 
Lopez, O.J., Osorio, F.A., 2004. Role of neutralizing antibodies in PRRSV protective 
immunity. Vet. Immunol. Immunopathol. 102, 155-163. 
Loving, C.L., Brockmeier, S.L., Sacco, R.E., 2007. Differential type I interferon activation 
and susceptibility of dendritic cell populations to porcine arterivirus. Immunology 120, 
217-229. 
Loving, C.L., Osorio, F.A., Murtaugh, M.P., Zuckermann, F.A., 2015. Innate and adaptive 
immunity against Porcine Reproductive and Respiratory Syndrome Virus. Vet. Immunol. 
Immunopathol. 167, 1-14. 
Lowe, J.E., Husmann, R., Firkins, L.D., Zuckermann, F.A., Goldberg, T.L., 2005. 
Correlation of cell-mediated immunity against porcine reproductive and respiratory 
syndrome virus with protection against reproductive failure in sows during outbreaks of 
porcine reproductive and respiratory syndrome in commercial herds. J. Am. Vet. Med. 
Assoc. 226, 1707-1711. 
Mardassi, H., Athanassious, R., Mounir, S., Dea, S., 1994. Porcine reproductive and 
respiratory syndrome virus: morphological, biochemical and serological characteristics of 
Quebec isolates associated with acute and chronic outbreaks of porcine reproductive and 
respiratory syndrome. Can. J. Vet. Res. 58, 55-64. 
Mardassi, H., Massie, B., Dea, S., 1996. Intracellular synthesis, processing, and transport 
of proteins encoded by ORFs 5 to 7 of porcine reproductive and respiratory syndrome virus. 
Virology 221, 98-112. 
Martinez-Lobo, F.J., Diez-Fuertes, F., Simarro, I., Castro, J.M., Prieto, C., 2011. Porcine 
Reproductive and Respiratory Syndrome Virus isolates differ in their susceptibility to 
neutralization. Vaccine 29, 6928-6940. 
Mathurin, K.S., Martens, G.W., Kornfeld, H., Welsh, R.M., 2009. CD4 T-cell-mediated 
heterologous immunity between mycobacteria and poxviruses. J. Virol. 83, 3528-3539. 
McMaster, S.R., Gabbard, J.D., Koutsonanos, D.G., Compans, R.W., Tripp, R.A., 
Tompkins, S.M., Kohlmeier, J.E., 2015. Memory T cells generated by prior exposure to 
155 
 
influenza cross react with the novel H7N9 influenza virus and confer protective 
heterosubtypic immunity. PLoS One 10, e0115725. 
McNab, F., Mayer-Barber, K., Sher, A., Wack, A., O'Garra, A., 2015. Type I interferons 
in infectious disease. Nat. Rev. Immunol. 15, 87-103. 
Meier, W.A., Galeota, J., Osorio, F.A., Husmann, R.J., Schnitzlein, W.M., Zuckermann, 
F.A., 2003. Gradual development of the interferon-gamma response of swine to porcine 
reproductive and respiratory syndrome virus infection or vaccination. Virology 309, 18-
31. 
Meier, W.A., Husmann, R.J., Schnitzlein, W.M., Osorio, F.A., Lunney, J.K., Zuckermann, 
F.A., 2004. Cytokines and synthetic double-stranded RNA augment the T helper 1 immune 
response of swine to porcine reproductive and respiratory syndrome virus. Vet. Immunol. 
Immunopathol. 102, 299-314. 
Meng, X.J., 2000. Heterogeneity of porcine reproductive and respiratory syndrome virus: 
implications for current vaccine efficacy and future vaccine development. Vet. Microbiol. 
74, 309-329. 
Meng, X.J., Paul, P.S., Halbur, P.G., Lum, M.A., 1995a. Phylogenetic analyses of the 
putative M (ORF 6) and N (ORF 7) genes of porcine reproductive and respiratory 
syndrome virus (PRRSV): implication for the existence of two genotypes of PRRSV in the 
U.S.A. and Europe. Arch. Virol. 140, 745-755. 
Meng, X.J., Paul, P.S., Halbur, P.G., Morozov, I., 1995b. Sequence comparison of open 
reading frames 2 to 5 of low and high virulence United States isolates of porcine 
reproductive and respiratory syndrome virus. J. Gen. Virol. 76 ( Pt 12), 3181-3188. 
Meng, X.J., Paul, P.S., Morozov, I., Halbur, P.G., 1996. A nested set of six or seven 
subgenomic mRNAs is formed in cells infected with different isolates of porcine 
reproductive and respiratory syndrome virus. J. Gen. Virol. 77 ( Pt 6), 1265-1270. 
Mengeling, W.L., Lager, K.M., Vorwald, A.C., 1998. Clinical consequences of exposing 
pregnant gilts to strains of porcine reproductive and respiratory syndrome (PRRS) virus 
isolated from field cases of "atypical" PRRS. Am. J. Vet. Res. 59, 1540-1544. 
Mengeling, W.L., Lager, K.M., Vorwald, A.C., Clouser, D.F., 2003. Comparative safety 
and efficacy of attenuated single-strain and multi-strain vaccines for porcine reproductive 
and respiratory syndrome. Vet. Microbiol. 93, 25-38. 
Meulenberg, J.J., Petersen-den Besten, A., 1996. Identification and characterization of a 
sixth structural protein of Lelystad virus: the glycoprotein GP2 encoded by ORF2 is 
incorporated in virus particles. Virology 225, 44-51. 
Mokhtar, H., Eck, M., Morgan, S.B., Essler, S.E., Frossard, J.P., Ruggli, N., Graham, S.P., 
2014. Proteome-wide screening of the European porcine reproductive and respiratory 
syndrome virus reveals a broad range of T cell antigen reactivity. Vaccine 32, 6828-6837. 
156 
 
Montagnaro, S., De Martinis, C., Iovane, V., Ciarcia, R., Damiano, S., Nizza, S., De 
Martino, L., Iovane, G., Pagnini, U., 2014. Bovine herpesvirus type 1 marker vaccine 
induces cross-protection against bubaline herpesvirus type 1 in water buffalo. Prev. Vet. 
Med. 116, 56-62. 
Mortensen, S., Stryhn, H., Sogaard, R., Boklund, A., Stark, K.D., Christensen, J., 
Willeberg, P., 2002. Risk factors for infection of sow herds with porcine reproductive and 
respiratory syndrome (PRRS) virus. Prev. Vet. Med. 53, 83-101. 
Murtaugh, M.P., Elam, M.R., Kakach, L.T., 1995. Comparison of the structural protein 
coding sequences of the VR-2332 and Lelystad virus strains of the PRRS virus. Arch. 
Virol. 140, 1451-1460. 
Murtaugh, M.P., Stadejek, T., Abrahante, J.E., Lam, T.T., Leung, F.C., 2010. The ever-
expanding diversity of porcine reproductive and respiratory syndrome virus. Virus Res. 
154, 18-30. 
Murtaugh, M.P., Yuan, S., Faaberg, K.S., 2001. Appearance of novel PRRSV isolates by 
recombination in the natural environment. Adv. Exp. Med. Biol. 494, 31-36. 
Murtaugh, M.P., Yuan, S., Nelson, E.A., Faaberg, K.S., 2002. Genetic interaction between 
porcine reproductive and respiratory syndrome virus (PRRSV) strains in cell culture and 
in animals. J. Swine Health Prod. 10, 15-21. 
Nauwynck, H.J., Duan, X., Favoreel, H.W., Van Oostveldt, P., Pensaert, M.B., 1999. Entry 
of porcine reproductive and respiratory syndrome virus into porcine alveolar macrophages 
via receptor-mediated endocytosis. J. Gen. Virol. 80, 297-305. 
Nelsen, C.J., Murtaugh, M.P., Faaberg, K.S., 1999. Porcine reproductive and respiratory 
syndrome virus comparison: divergent evolution on two continents. J. Virol. 73, 270-280. 
Nelson, E.A., Christopher-Hennings, J., Benfield, D.A., 1994. Serum immune responses 
to the proteins of porcine reproductive and respiratory syndrome (PRRS) virus. J. Vet. 
Diagn. Invest. 6, 410-415. 
Nelson, E.A., Christopher-Hennings, J., Drew, T., Wensvoort, G., Collins, J.E., Benfield, 
D.A., 1993. Differentiation of U.S. and European isolates of porcine reproductive and 
respiratory syndrome virus by monoclonal antibodies. J. Clin. Microbiol. 31, 3184-3189. 
Neumann, E.J., Kliebenstein, J.B., Johnson, C.D., Mabry, J.W., Bush, E.J., Seitzinger, 
A.H., Green, A.L., Zimmerman, J.J., 2005. Assessment of the economic impact of porcine 
reproductive and respiratory syndrome on swine production in the United States. J. Am. 
Vet. Med. Assoc. 227, 385-392. 
Nielsen, H.S., Oleksiewicz, M.B., Forsberg, R., Stadejek, T., Botner, A., Storgaard, T., 
2001. Reversion of a live porcine reproductive and respiratory syndrome virus vaccine 
investigated by parallel mutations. J. Gen. Virol. 82, 1263-1272. 
157 
 
Nielsen, J., Botner, A., 1997. Hematological and immunological parameters of 4 1/2-month 
old pigs infected with PRRS virus. Vet. Microbiol. 55, 289-294. 
Nielsen, J., Botner, A., Tingstedt, J.E., Aasted, B., Johnsen, C.K., Riber, U., Lind, P., 2003. 
In utero infection with porcine reproductive and respiratory syndrome virus modulates 
leukocyte subpopulations in peripheral blood and bronchoalveolar fluid of surviving 
piglets. Vet. Immunol. Immunopathol. 93, 135-151. 
Nielsen, T.L., Nielsen, J., Have, P., Baekbo, P., Hoff-Jorgensen, R., Botner, A., 1997. 
Examination of virus shedding in semen from vaccinated and from previously infected 
boars after experimental challenge with porcine reproductive and respiratory syndrome 
virus. Vet. Microbiol. 54, 101-112. 
Nilges, K., Hohn, H., Pilch, H., Neukirch, C., Freitag, K., Talbot, P.J., Maeurer, M.J., 2003. 
Human papillomavirus type 16 E7 peptide-directed CD8+ T cells from patients with 
cervical cancer are cross-reactive with the coronavirus NS2 protein. J. Virol. 77, 5464-
5474. 
Nodelijk, G., de Jong, M.C., Van Nes, A., Vernooy, J.C., Van Leengoed, L.A., Pol, J.M., 
Verheijden, J.H., 2000. Introduction, persistence and fade-out of porcine reproductive and 
respiratory syndrome virus in a Dutch breeding herd: a mathematical analysis. Epidemiol. 
Infect. 124, 173-182. 
Olin, M.R., Batista, L., Xiao, Z., Dee, S.A., Murtaugh, M.P., Pijoan, C.C., Molitor, T.W., 
2005. Gammadelta lymphocyte response to porcine reproductive and respiratory syndrome 
virus. Viral Immunol. 18, 490-499. 
Osorio, F.A., Galeota, J.A., Nelson, E., Brodersen, B., Doster, A., Wills, R., Zuckermann, 
F., Laegreid, W.W., 2002. Passive transfer of virus-specific antibodies confers protection 
against reproductive failure induced by a virulent strain of porcine reproductive and 
respiratory syndrome virus and establishes sterilizing immunity. Virology 302, 9-20. 
Ostrowski, M., Galeota, J.A., Jar, A.M., Platt, K.B., Osorio, F.A., Lopez, O.J., 2002. 
Identification of neutralizing and nonneutralizing epitopes in the porcine reproductive and 
respiratory syndrome virus GP5 ectodomain. J. Virol. 76, 4241-4250. 
Otake, S., Dee, S.A., Rossow, K.D., Joo, H.S., Deen, J., Molitor, T.W., Pijoan, C., 2002. 
Transmission of porcine reproductive and respiratory syndrome virus by needles. Vet. Rec. 
150, 114-115. 
Parida, R., Choi, I.S., Peterson, D.A., Pattnaik, A.K., Laegreid, W., Zuckermann, F.A., 
Osorio, F.A., 2012. Location of T-cell epitopes in nonstructural proteins 9 and 10 of type-
II porcine reproductive and respiratory syndrome virus. Virus Res. 169, 13-21. 
Park, C., Choi, K., Jeong, J., Chae, C., 2015. Cross-protection of a new type 2 porcine 
reproductive and respiratory syndrome virus (PRRSV) modified live vaccine (Fostera 
PRRS) against heterologous type 1 PRRSV challenge in growing pigs. Vet. Microbiol. 
177, 87-94. 
158 
 
Park, C., Seo, H.W., Han, K., Kang, I., Chae, C., 2014. Evaluation of the efficacy of a new 
modified live porcine reproductive and respiratory syndrome virus (PRRSV) vaccine 
(Fostera PRRS) against heterologous PRRSV challenge. Vet. Microbiol. 172, 432-442. 
Pasternak, A.O., Spaan, W.J., Snijder, E.J., 2004. Regulation of relative abundance of 
arterivirus subgenomic mRNAs. J. Virol. 78, 8102-8113. 
Pasternak, A.O., van den Born, E., Spaan, W.J., Snijder, E.J., 2001. Sequence requirements 
for RNA strand transfer during nidovirus discontinuous subgenomic RNA synthesis. 
EMBO J. 20, 7220-7228. 
Patch, J.R., Pedersen, L.E., Toka, F.N., Moraes, M., Grubman, M.J., Nielsen, M., 
Jungersen, G., Buus, S., Golde, W.T., 2011. Induction of foot-and-mouth disease virus-
specific cytotoxic T cell killing by vaccination. Clin. Vaccine Immunol. 18, 280-288. 
Pileri, E., Gibert, E., Soldevila, F., Garcia-Saenz, A., Pujols, J., Diaz, I., Darwich, L., Casal, 
J., Martin, M., Mateu, E., 2015. Vaccination with a genotype 1 modified live vaccine 
against porcine reproductive and respiratory syndrome virus significantly reduces viremia, 
viral shedding and transmission of the virus in a quasi-natural experimental model. Vet. 
Microbiol. 175, 7-16. 
Pileri, E., Mateu, E., 2016. Review on the transmission porcine reproductive and 
respiratory syndrome virus between pigs and farms and impact on vaccination. Vet. Res. 
47, 108. 
Pirzadeh, B., Dea, S., 1998. Immune response in pigs vaccinated with plasmid DNA 
encoding ORF5 of porcine reproductive and respiratory syndrome virus. J. Gen. Virol. 79 
( Pt 5), 989-999. 
Pitkin, A., Deen, J., Dee, S., 2009. Use of a production region model to assess the airborne 
spread of porcine reproductive and respiratory syndrome virus. Vet. Microbiol. 136, 1-7. 
Plagemann, P.G., 2003. Porcine reproductive and respiratory syndrome virus: origin 
hypothesis. Emerg. Infect. Dis. 9, 903-908. 
Plagemann, P.G., Rowland, R.R., Faaberg, K.S., 2002. The primary neutralization epitope 
of porcine respiratory and reproductive syndrome virus strain VR-2332 is located in the 
middle of the GP5 ectodomain. Arch. Virol. 147, 2327-2347. 
Plana Duran, J., Climent, I., Sarraseca, J., Urniza, A., Cortes, E., Vela, C., Casal, J.I., 1997. 
Baculovirus expression of proteins of porcine reproductive and respiratory syndrome virus 
strain Olot/91. Involvement of ORF3 and ORF5 proteins in protection. Virus Genes 14, 
19-29. 
Pol, J.M., Wagenaar, F., Reus, J.E., 1997. Comparative morphogenesis of three PRRS virus 
strains. Vet. Microbiol. 55, 203-208. 
159 
 
Prickett, J., Simer, R., Christopher-Hennings, J., Yoon, K.J., Evans, R.B., Zimmerman, 
J.J., 2008. Detection of Porcine reproductive and respiratory syndrome virus infection in 
porcine oral fluid samples: a longitudinal study under experimental conditions. J. Vet. 
Diagn. Invest. 20, 156-163. 
Prieto, C., Alvarez, E., Martinez-Lobo, F.J., Simarro, I., Castro, J.M., 2008. Similarity of 
European porcine reproductive and respiratory syndrome virus strains to vaccine strain is 
not necessarily predictive of the degree of protective immunity conferred. Vet. J. 175, 356-
363. 
Prieto, C., Suarez, P., Bautista, J.M., Sanchez, R., Rillo, S.M., Simarro, I., Solana, A., 
Castro, J.M., 1996. Semen changes in boars after experimental infection with porcine 
reproductive and respiratory syndrome (PRRS) virus. Theriogenology 45, 383-395. 
Qiu, H.J., Tian, Z.J., Tong, G.Z., Zhou, Y.J., Ni, J.Q., Luo, Y.Z., Cai, X.H., 2005. 
Protective immunity induced by a recombinant pseudorabies virus expressing the GP5 of 
porcine reproductive and respiratory syndrome virus in piglets. Vet. Immunol. 
Immunopathol. 106, 309-319. 
Reed, L.J., Muench, H., 1938. A Simple Method of Estimating Fifty Per Cent Endpoints. 
Am. J. Epidemiol. 27, 493-497. 
Reiner, G., Fresen, C., Bronnert, S., Willems, H., 2009. Porcine Reproductive and 
Respiratory Syndrome Virus (PRRSV) infection in wild boars. Vet. Microbiol. 136, 250-
258. 
Renukaradhya, G.J., Meng, X.J., Calvert, J.G., Roof, M., Lager, K.M., 2015. Live porcine 
reproductive and respiratory syndrome virus vaccines: Current status and future direction. 
Vaccine 33, 4069-4080. 
Robinson, S.R., Abrahante, J.E., Johnson, C.R., Murtaugh, M.P., 2013. Purifying selection 
in porcine reproductive and respiratory syndrome virus ORF5a protein influences variation 
in envelope glycoprotein 5 glycosylation. Infect. Genet. Evol. 20, 362-368. 
Robinson, S.R., Li, J., Nelson, E.A., Murtaugh, M.P., 2015. Broadly neutralizing 
antibodies against the rapidly evolving porcine reproductive and respiratory syndrome 
virus. Virus Res. 203, 56-65. 
Roca, M., Gimeno, M., Bruguera, S., Segales, J., Diaz, I., Galindo-Cardiel, I.J., Martinez, 
E., Darwich, L., Fang, Y., Maldonado, J., March, R., Mateu, E., 2012. Effects of challenge 
with a virulent genotype II strain of porcine reproductive and respiratory syndrome virus 
on piglets vaccinated with an attenuated genotype I strain vaccine. Vet. J. 193, 92-96. 
Romero-Brey, I., Bartenschlager, R., 2014. Membranous replication factories induced by 
plus-strand RNA viruses. Viruses 6, 2826-2857. 
Rossow, K.D., 1998. Porcine reproductive and respiratory syndrome. Vet. Pathol. 35, 1-
20. 
160 
 
Rossow, K.D., Bautista, E.M., Goyal, S.M., Molitor, T.W., Murtaugh, M.P., Morrison, 
R.B., Benfield, D.A., Collins, J.E., 1994. Experimental porcine reproductive and 
respiratory syndrome virus infection in one-, four-, and 10-week-old pigs. J. Vet. Diagn. 
Invest. 6, 3-12. 
Rossow, K.D., Collins, J.E., Goyal, S.M., Nelson, E.A., Christopher-Hennings, J., 
Benfield, D.A., 1995. Pathogenesis of porcine reproductive and respiratory syndrome virus 
infection in gnotobiotic pigs. Vet. Pathol. 32, 361-373. 
Rossow, K.D., Shivers, J.L., Yeske, P.E., Polson, D.D., Rowland, R.R., Lawson, S.R., 
Murtaugh, M.P., Nelson, E.A., Collins, J.E., 1999. Porcine reproductive and respiratory 
syndrome virus infection in neonatal pigs characterised by marked neurovirulence. Vet. 
Rec. 144, 444-448. 
Rovira, A., Clement, T., Christopher-Hennings, J., Thompson, B., Engle, M., Reicks, D., 
Munoz-Zanzi, C., 2007. Evaluation of the sensitivity of reverse-transcription polymerase 
chain reaction to detect porcine reproductive and respiratory syndrome virus on individual 
and pooled samples from boars. J. Vet. Diagn. Invest. 19, 502-509. 
Rowland, R.R., Kervin, R., Kuckleburg, C., Sperlich, A., Benfield, D.A., 1999a. The 
localization of porcine reproductive and respiratory syndrome virus nucleocapsid protein 
to the nucleolus of infected cells and identification of a potential nucleolar localization 
signal sequence. Virus Res. 64, 1-12. 
Rowland, R.R., Steffen, M., Ackerman, T., Benfield, D.A., 1999b. The evolution of 
porcine reproductive and respiratory syndrome virus: quasispecies and emergence of a 
virus subpopulation during infection of pigs with VR-2332. Virology 259, 262-266. 
Sagong, M., Lee, C., 2011. Porcine reproductive and respiratory syndrome virus 
nucleocapsid protein modulates interferon-beta production by inhibiting IRF3 activation in 
immortalized porcine alveolar macrophages. Arch. Virol. 156, 2187-2195. 
Sagripanti, J.L., Zandomeni, R.O., Weinmann, R., 1986. The cap structure of simian 
hemorrhagic fever virion RNA. Virology 151, 146-150. 
Saliki, J.T., Rodgers, S.J., Eskew, G., 1998. Serosurvey of selected viral and bacterial 
diseases in wild swine from Oklahoma. J. Wildl. Dis. 34, 834-838. 
Samsom, J.N., de Bruin, T.G., Voermans, J.J., Meulenberg, J.J., Pol, J.M., Bianchi, A.T., 
2000. Changes of leukocyte phenotype and function in the broncho-alveolar lavage fluid 
of pigs infected with porcine reproductive and respiratory syndrome virus: a role for 
CD8(+) cells. J. Gen. Virol. 81, 497-505. 
Scortti, M., Prieto, C., Alvarez, E., Simarro, I., Castro, J.M., 2007. Failure of an inactivated 
vaccine against porcine reproductive and respiratory syndrome to protect gilts against a 
heterologous challenge with PRRSV. Vet. Rec. 161, 809-813. 
Sewell, A.K., 2012. Why must T cells be cross-reactive? Nat. Rev. Immunol. 12, 669-677. 
161 
 
Shen, G., Jin, N., Ma, M., Jin, K., Zheng, M., Zhuang, T., Lu, H., Zhu, G., Jin, H., Jin, M., 
Huo, X., Qin, X., Yin, R., Li, C., Li, H., Li, Y., Han, Z., Chen, Y., Jin, M., 2007. Immune 
responses of pigs inoculated with a recombinant fowlpox virus coexpressing GP5/GP3 of 
porcine reproductive and respiratory syndrome virus and swine IL-18. Vaccine 25, 4193-
4202. 
Shi, M., Lam, T.T., Hon, C.C., Hui, R.K., Faaberg, K.S., Wennblom, T., Murtaugh, M.P., 
Stadejek, T., Leung, F.C., 2010a. Molecular epidemiology of PRRSV: a phylogenetic 
perspective. Virus Res. 154, 7-17. 
Shi, M., Lam, T.T., Hon, C.C., Murtaugh, M.P., Davies, P.R., Hui, R.K., Li, J., Wong, 
L.T., Yip, C.W., Jiang, J.W., Leung, F.C., 2010b. Phylogeny-based evolutionary, 
demographical, and geographical dissection of North American type 2 porcine 
reproductive and respiratory syndrome viruses. J. Virol. 84, 8700-8711. 
Sirinarumitr, T., Zhang, Y.J., Kluge, J.P., Halbur, P.G., Paul, P.S., 1998. A pneumo-
virulent United States isolate of porcine reproductive and respiratory syndrome virus 
induces apoptosis in bystander cells both in vitro and in vivo. J. Gen. Virol. 79, 2989-2995. 
Snijder, E.J., Kikkert, M., Fang, Y., 2013. Arterivirus molecular biology and pathogenesis. 
J. Gen. Virol. 94, 2141-2163. 
Snijder, E.J., van Tol, H., Roos, N., Pedersen, K.W., 2001. Non-structural proteins 2 and 3 
interact to modify host cell membranes during the formation of the arterivirus replication 
complex. J. Gen. Virol. 82, 985-994. 
Spilman, M.S., Welbon, C., Nelson, E., Dokland, T., 2009. Cryo-electron tomography of 
porcine reproductive and respiratory syndrome virus: organization of the nucleocapsid. J. 
Gen. Virol. 90, 527-535. 
Sridhar, S., 2016. Heterosubtypic T-Cell Immunity to Influenza in Humans: Challenges for 
Universal T-Cell Influenza Vaccines. Front. Immunol. 7, 195. 
Stadejek, T., Oleksiewicz, M.B., Potapchuk, D., Podgorska, K., 2006. Porcine reproductive 
and respiratory syndrome virus strains of exceptional diversity in eastern Europe support 
the definition of new genetic subtypes. J. Gen. Virol. 87, 1835-1841. 
Stadejek, T., Stankevicius, A., Murtaugh, M.P., Oleksiewicz, M.B., 2013. Molecular 
evolution of PRRSV in Europe: current state of play. Vet. Microbiol. 165, 21-28. 
Stevenson, G.W., Van Alstine, W.G., Kanitz, C.L., Keffaber, K.K., 1993. Endemic porcine 
reproductive and respiratory syndrome virus infection of nursery pigs in two swine herds 
without current reproductive failure. J. Vet. Diagn. Invest. 5, 432-434. 
Suarez, P., Zardoya, R., Martin, M.J., Prieto, C., Dopazo, J., Solana, A., Castro, J.M., 1996. 
Phylogenetic relationships of european strains of porcine reproductive and respiratory 
syndrome virus (PRRSV) inferred from DNA sequences of putative ORF-5 and ORF-7 
genes. Virus Res. 42, 159-165. 
162 
 
Sun, D., Khatun, A., Kim, W.I., Cooper, V., Cho, Y.I., Wang, C., Choi, E.J., Yoon, K.J., 
2016a. Attempts to enhance cross-protection against porcine reproductive and respiratory 
syndrome viruses using chimeric viruses containing structural genes from two 
antigenically distinct strains. Vaccine 34, 4335-4342. 
Sun, H., Pattnaik, A.K., Osorio, F.A., Vu, H.L., 2016b. Identification of viral genes 
associated with the interferon-inducing phenotype of a synthetic porcine reproductive and 
respiratory syndrome virus strain. Virology 499, 313-321. 
Sun, H., Workman, A., Osorio, F.A., Steffen, D., Vu, H.L.X., 2017. Development of a 
broadly protective modified-live virus vaccine candidate against porcine reproductive and 
respiratory syndrome virus. Manuscript accepted for publication in Vaccine. 
Sun, L., Li, Y., Liu, R., Wang, X., Gao, F., Lin, T., Huang, T., Yao, H., Tong, G., Fan, H., 
Wei, Z., Yuan, S., 2013. Porcine reproductive and respiratory syndrome virus ORF5a 
protein is essential for virus viability. Virus Res. 171, 178-185. 
Sun, L., Zhou, Y., Liu, R., Li, Y., Gao, F., Wang, X., Fan, H., Yuan, S., Wei, Z., Tong, G., 
2015. Cysteine residues of the porcine reproductive and respiratory syndrome virus ORF5a 
protein are not essential for virus viability. Virus Res. 197, 17-25. 
Sun, Y., Han, M., Kim, C., Calvert, J.G., Yoo, D., 2012. Interplay between interferon-
mediated innate immunity and porcine reproductive and respiratory syndrome virus. 
Viruses 4, 424-446. 
Sur, J.H., Doster, A.R., Osorio, F.A., 1998. Apoptosis induced in vivo during acute 
infection by porcine reproductive and respiratory syndrome virus. Vet. Pathol. 35, 506-
514. 
Suradhat, S., Thanawongnuwech, R., 2003. Upregulation of interleukin-10 gene expression 
in the leukocytes of pigs infected with porcine reproductive and respiratory syndrome 
virus. J. Gen. Virol. 84, 2755-2760. 
Swenson, S.L., Hill, H.T., Zimmerman, J.J., Evans, L.E., Landgraf, J.G., Wills, R.W., 
Sanderson, T.P., McGinley, M.J., Brevik, A.K., Ciszewski, D.K., et al., 1994. Excretion of 
porcine reproductive and respiratory syndrome virus in semen after experimentally induced 
infection in boars. J. Am. Vet. Med. Assoc. 204, 1943-1948. 
Talker, S.C., Koinig, H.C., Stadler, M., Graage, R., Klingler, E., Ladinig, A., Mair, K.H., 
Hammer, S.E., Weissenbock, H., Durrwald, R., Ritzmann, M., Saalmuller, A., Gerner, W., 
2015. Magnitude and kinetics of multifunctional CD4+ and CD8beta+ T cells in pigs 
infected with swine influenza A virus. Vet. Res. 46, 52. 
Talker, S.C., Stadler, M., Koinig, H.C., Mair, K.H., Rodriguez-Gomez, I.M., Graage, R., 
Zell, R., Durrwald, R., Starick, E., Harder, T., Weissenbock, H., Lamp, B., Hammer, S.E., 
Ladinig, A., Saalmuller, A., Gerner, W., 2016. Influenza A virus infection in pigs attracts 
multifunctional and cross-reactive T cells to the lung. J. Virol. 
163 
 
Tamura, K., Nei, M., 1993. Estimation of the number of nucleotide substitutions in the 
control region of mitochondrial DNA in humans and chimpanzees. Mol. Biol. Evol. 10, 
512-526. 
Teifke, J.P., Dauber, M., Fichtner, D., Lenk, M., Polster, U., Weiland, E., Beyer, J., 2001. 
Detection of European porcine reproductive and respiratory syndrome virus in porcine 
alveolar macrophages by two-colour immunofluorescence and in-situ hybridization-
immunohistochemistry double labelling. J. Comp. Pathol. 124, 238-245. 
Terpstra, C., Wensvoort, G., Pol, J.M., 1991. Experimental reproduction of porcine 
epidemic abortion and respiratory syndrome (mystery swine disease) by infection with 
Lelystad virus: Koch's postulates fulfilled. Vet. Q. 13, 131-136. 
Tian, D., Ni, Y.Y., Zhou, L., Opriessnig, T., Cao, D., Pineyro, P., Yugo, D.M., Overend, 
C., Cao, Q., Lynn Heffron, C., Halbur, P.G., Pearce, D.S., Calvert, J.G., Meng, X.J., 2015. 
Chimeric porcine reproductive and respiratory syndrome virus containing shuffled 
multiple envelope genes confers cross-protection in pigs. Virology 485, 402-413. 
Tian, D., Wei, Z., Zevenhoven-Dobbe, J.C., Liu, R., Tong, G., Snijder, E.J., Yuan, S., 2012. 
Arterivirus minor envelope proteins are a major determinant of viral tropism in cell culture. 
J. Virol. 86, 3701-3712. 
Tijms, M.A., van der Meer, Y., Snijder, E.J., 2002. Nuclear localization of non-structural 
protein 1 and nucleocapsid protein of equine arteritis virus. J. Gen. Virol. 83, 795-800. 
Torremorell, M., Moore, C., Christianson, W.T., 2002. Establishment of a herd negative 
for porcine reproductive and respiratory syndrome virus (PRRSV) from PRRSV positive 
sources. J. Swine Health Prod. 10, 153-160. 
Truong, H.M., Lu, Z., Kutish, G.F., Galeota, J., Osorio, F.A., Pattnaik, A.K., 2004. A 
highly pathogenic porcine reproductive and respiratory syndrome virus generated from an 
infectious cDNA clone retains the in vivo virulence and transmissibility properties of the 
parental virus. Virology 325, 308-319. 
Trus, I., Bonckaert, C., van der Meulen, K., Nauwynck, H.J., 2014. Efficacy of an 
attenuated European subtype 1 porcine reproductive and respiratory syndrome virus 
(PRRSV) vaccine in pigs upon challenge with the East European subtype 3 PRRSV strain 
Lena. Vaccine 32, 2995-3003. 
USDA, 2009. PRRS Seroprevalence on U.S. Swine Operations, in: USDA-APHIS-VS-
CEAH (Ed.), Fort Collins, CO. 
Van Breedam, W., Delputte, P.L., Van Gorp, H., Misinzo, G., Vanderheijden, N., Duan, 
X., Nauwynck, H.J., 2010. Porcine reproductive and respiratory syndrome virus entry into 
the porcine macrophage. J. Gen. Virol. 91, 1659-1667. 
van den Born, E., Gultyaev, A.P., Snijder, E.J., 2004. Secondary structure and function of 
the 5'-proximal region of the equine arteritis virus RNA genome. RNA 10, 424-437. 
164 
 
van den Born, E., Posthuma, C.C., Gultyaev, A.P., Snijder, E.J., 2005. Discontinuous 
subgenomic RNA synthesis in arteriviruses is guided by an RNA hairpin structure located 
in the genomic leader region. J. Virol. 79, 6312-6324. 
van der Hoeven, B., Oudshoorn, D., Koster, A.J., Snijder, E.J., Kikkert, M., Barcena, M., 
2016. Biogenesis and architecture of arterivirus replication organelles. Virus Res. 220, 70-
90. 
Van Gorp, H., Van Breedam, W., Van Doorsselaere, J., Delputte, P.L., Nauwynck, H.J., 
2010. Identification of the CD163 protein domains involved in infection of the porcine 
reproductive and respiratory syndrome virus. J. Virol. 84, 3101-3105. 
van Marle, G., Dobbe, J.C., Gultyaev, A.P., Luytjes, W., Spaan, W.J., Snijder, E.J., 1999. 
Arterivirus discontinuous mRNA transcription is guided by base pairing between sense and 
antisense transcription-regulating sequences. Proc. Natl. Acad. Sci. U. S. A. 96, 12056-
12061. 
van Nieuwstadt, A.P., Meulenberg, J.J., van Essen-Zanbergen, A., Petersen-den Besten, 
A., Bende, R.J., Moormann, R.J., Wensvoort, G., 1996. Proteins encoded by open reading 
frames 3 and 4 of the genome of Lelystad virus (Arteriviridae) are structural proteins of 
the virion. J. Virol. 70, 4767-4772. 
Van Reeth, K., Labarque, G., Nauwynck, H., Pensaert, M., 1999. Differential production 
of proinflammatory cytokines in the pig lung during different respiratory virus infections: 
correlations with pathogenicity. Res. Vet. Sci. 67, 47-52. 
van Vugt, J.J.F.A., Storgaard, T., Oleksiewicz, M.B., Botner, A., 2001. High frequency 
RNA recombination in porcine reproductive and respiratory syndrome virus occurs 
preferentially between parental sequences with high similarity. J. Gen. Virol. 82, 2615-
2620. 
van Woensel, P.A., Liefkens, K., Demaret, S., 1998. Effect on viraemia of an American 
and a European serotype PRRSV vaccine after challenge with European wild-type strains 
of the virus. Vet. Rec. 142, 510-512. 
Vanhee, M., Van Breedam, W., Costers, S., Geldhof, M., Noppe, Y., Nauwynck, H., 2011. 
Characterization of antigenic regions in the porcine reproductive and respiratory syndrome 
virus by the use of peptide-specific serum antibodies. Vaccine 29, 4794-4804. 
Vashisht, K., Goldberg, T.L., Husmann, R.J., Schnitzlein, W., Zuckermann, F.A., 2008. 
Identification of immunodominant T-cell epitopes present in glycoprotein 5 of the North 
American genotype of porcine reproductive and respiratory syndrome virus. Vaccine 26, 
4747-4753. 
Vu, H.L., Kwon, B., de Lima, M., Pattnaik, A.K., Osorio, F.A., 2013. Characterization of 
a serologic marker candidate for development of a live-attenuated DIVA vaccine against 
porcine reproductive and respiratory syndrome virus. Vaccine 31, 4330-4337. 
165 
 
Vu, H.L., Kwon, B., Yoon, K.J., Laegreid, W.W., Pattnaik, A.K., Osorio, F.A., 2011. 
Immune evasion of porcine reproductive and respiratory syndrome virus through glycan 
shielding involves both glycoprotein 5 as well as glycoprotein 3. J. Virol. 85, 5555-5564. 
Vu, H.L., Ma, F., Laegreid, W.W., Pattnaik, A.K., Steffen, D., Doster, A.R., Osorio, F.A., 
2015. A Synthetic Porcine Reproductive and Respiratory Syndrome Virus Strain Confers 
Unprecedented Levels of Heterologous Protection. J. Virol. 89, 12070-12083. 
Vu, H.L.X., Pattnaik, A.K., Osorio, F.A., 2017. Strategies to broaden the cross-protective 
efficacy of vaccines against porcine reproductive and respiratory syndrome virus. Vet. 
Microbiol. 206, 29-34. 
Wagstrom, E.A., Chang, C.C., Yoon, K.J., Zimmerman, J.J., 2001. Shedding of porcine 
reproductive and respiratory syndrome virus in mammary gland secretions of sows. Am. J. 
Vet. Res. 62, 1876-1880. 
Wang, R., Zhang, Y.J., 2014. Antagonizing interferon-mediated immune response by 
porcine reproductive and respiratory syndrome virus. Biomed Res Int 2014, 315470. 
Wang, X., Li, J., Jiang, P., Li, Y., Zeshan, B., Cao, J., Wang, X., 2009. GM-CSF fused 
with GP3 and GP5 of porcine reproductive and respiratory syndrome virus increased the 
immune responses and protective efficacy against virulent PRRSV challenge. Virus Res. 
143, 24-32. 
Wang, X., Marthaler, D., Rovira, A., Rossow, S., Murtaugh, M.P., 2015. Emergence of a 
virulent porcine reproductive and respiratory syndrome virus in vaccinated herds in the 
United States. Virus Res. 210, 34-41. 
Wang, Y., Liang, Y., Han, J., Burkhart, K.M., Vaughn, E.M., Roof, M.B., Faaberg, K.S., 
2008. Attenuation of porcine reproductive and respiratory syndrome virus strain MN184 
using chimeric construction with vaccine sequence. Virology 371, 418-429. 
Wang, Y.X., Zhou, Y.J., Li, G.X., Zhang, S.R., Jiang, Y.F., Xu, A.T., Yu, H., Wang, M.M., 
Yan, L.P., Tong, G.Z., 2011. Identification of immunodominant T-cell epitopes in 
membrane protein of highly pathogenic porcine reproductive and respiratory syndrome 
virus. Virus Res. 158, 108-115. 
Wei, Z., Lin, T., Sun, L., Li, Y., Wang, X., Gao, F., Liu, R., Chen, C., Tong, G., Yuan, S., 
2012a. N-linked glycosylation of GP5 of porcine reproductive and respiratory syndrome 
virus is critically important for virus replication in vivo. J. Virol. 86, 9941-9951. 
Wei, Z., Tian, D., Sun, L., Lin, T., Gao, F., Liu, R., Tong, G., Yuan, S., 2012b. Influence 
of N-linked glycosylation of minor proteins of porcine reproductive and respiratory 
syndrome virus on infectious virus recovery and receptor interaction. Virology 429, 1-11. 
Welch, S.K., Calvert, J.G., 2010. A brief review of CD163 and its role in PRRSV infection. 
Virus Res. 154, 98-103. 
166 
 
Wells, K.D., Bardot, R., Whitworth, K.M., Trible, B.R., Fang, Y., Mileham, A., Kerrigan, 
M.A., Samuel, M.S., Prather, R.S., Rowland, R.R., 2017. Replacement of Porcine CD163 
Scavenger Receptor Cysteine-Rich Domain 5 with a CD163-Like Homolog Confers 
Resistance of Pigs to Genotype 1 but Not Genotype 2 Porcine Reproductive and 
Respiratory Syndrome Virus. J. Virol. 91. 
Wensvoort, G., de Kluyver, E.P., Pol, J.M., Wagenaar, F., Moormann, R.J., Hulst, M.M., 
Bloemraad, R., den Besten, A., Zetstra, T., Terpstra, C., 1992. Lelystad virus, the cause of 
porcine epidemic abortion and respiratory syndrome: a review of mystery swine disease 
research at Lelystad. Vet. Microbiol. 33, 185-193. 
Wensvoort, G., Terpstra, C., Pol, J.M., ter Laak, E.A., Bloemraad, M., de Kluyver, E.P., 
Kragten, C., van Buiten, L., den Besten, A., Wagenaar, F., et al., 1991. Mystery swine 
disease in The Netherlands: the isolation of Lelystad virus. Vet. Q. 13, 121-130. 
Whitworth, K.M., Rowland, R.R., Ewen, C.L., Trible, B.R., Kerrigan, M.A., Cino-Ozuna, 
A.G., Samuel, M.S., Lightner, J.E., McLaren, D.G., Mileham, A.J., Wells, K.D., Prather, 
R.S., 2016. Gene-edited pigs are protected from porcine reproductive and respiratory 
syndrome virus. Nat. Biotechnol. 34, 20-22. 
Wieringa, R., de Vries, A.A., van der Meulen, J., Godeke, G.J., Onderwater, J.J., van Tol, 
H., Koerten, H.K., Mommaas, A.M., Snijder, E.J., Rottier, P.J., 2004. Structural protein 
requirements in equine arteritis virus assembly. J. Virol. 78, 13019-13027. 
Wills, R.W., Doster, A.R., Galeota, J.A., Sur, J.H., Osorio, F.A., 2003. Duration of 
infection and proportion of pigs persistently infected with porcine reproductive and 
respiratory syndrome virus. J. Clin. Microbiol. 41, 58-62. 
Wills, R.W., Zimmerman, J.J., Yoon, K.J., Swenson, S.L., Hoffman, L.J., McGinley, M.J., 
Hill, H.T., Platt, K.B., 1997a. Porcine reproductive and respiratory syndrome virus: routes 
of excretion. Vet. Microbiol. 57, 69-81. 
Wills, R.W., Zimmerman, J.J., Yoon, K.J., Swenson, S.L., McGinley, M.J., Hill, H.T., 
Platt, K.B., Christopher-Hennings, J., Nelson, E.A., 1997b. Porcine reproductive and 
respiratory syndrome virus: a persistent infection. Vet. Microbiol. 55, 231-240. 
Wissink, E.H., Kroese, M.V., Maneschijn-Bonsing, J.G., Meulenberg, J.J., van Rijn, P.A., 
Rijsewijk, F.A., Rottier, P.J., 2004. Significance of the oligosaccharides of the porcine 
reproductive and respiratory syndrome virus glycoproteins GP2a and GP5 for infectious 
virus production. J. Gen. Virol. 85, 3715-3723. 
Wissink, E.H., Kroese, M.V., van Wijk, H.A., Rijsewijk, F.A., Meulenberg, J.J., Rottier, 
P.J., 2005. Envelope protein requirements for the assembly of infectious virions of porcine 
reproductive and respiratory syndrome virus. J. Virol. 79, 12495-12506. 
Wootton, S.K., Rowland, R.R., Yoo, D., 2002. Phosphorylation of the porcine reproductive 
and respiratory syndrome virus nucleocapsid protein. J. Virol. 76, 10569-10576. 
167 
 
Wootton, S.K., Yoo, D., 2003. Homo-oligomerization of the porcine reproductive and 
respiratory syndrome virus nucleocapsid protein and the role of disulfide linkages. J. Virol. 
77, 4546-4557. 
Wu, W.H., Fang, Y., Farwell, R., Steffen-Bien, M., Rowland, R.R., Christopher-Hennings, 
J., Nelson, E.A., 2001. A 10-kDa structural protein of porcine reproductive and respiratory 
syndrome virus encoded by ORF2b. Virology 287, 183-191. 
Wyckoff, A.C., Henke, S.E., Campbell, T.A., Hewitt, D.G., VerCauteren, K.C., 2009. Feral 
swine contact with domestic swine: a serologic survey and assessment of potential for 
disease transmission. J. Wildl. Dis. 45, 422-429. 
Xiao, Z., Batista, L., Dee, S., Halbur, P., Murtaugh, M.P., 2004. The level of virus-specific 
T-cell and macrophage recruitment in porcine reproductive and respiratory syndrome virus 
infection in pigs is independent of virus load. J. Virol. 78, 5923-5933. 
Yoon, I.J., Joo, H.S., Christianson, W.T., Kim, H.S., Collins, J.E., Morrison, R.B., Dial, 
G.D., 1992. An indirect fluorescent antibody test for the detection of antibody to swine 
infertility and respiratory syndrome virus in swine sera. J. Vet. Diagn. Invest. 4, 144-147. 
Yoon, I.J., Joo, H.S., Goyal, S.M., Molitor, T.W., 1994. A modified serum neutralization 
test for the detection of antibody to porcine reproductive and respiratory syndrome virus in 
swine sera. J. Vet. Diagn. Invest. 6, 289-292. 
Yoon, K.-J., Wu, L.-L., Zimmerman, J.J., Platt, K.B., 1997. Field isolates of porcine 
reproductive and respiratory syndrome virus (PRRSV) vary in their susceptibility to 
antibody dependent enhancement (ADE) of infection. Vet. Microbiol. 55, 277-287. 
Yoon, K.J., Christopher-Hennings, J., Nelson, E.A., 2003. Diagnosis, in: Zimmerman, J., 
Yoon, K.J. (Eds.), 2003 PRRS compendium, 2nd ed. National Pork Board, Des Moines, 
IA, pp. 59-74. 
Yoon, K.J., Wu, L.L., Zimmerman, J.J., Hill, H.T., Platt, K.B., 1996. Antibody-dependent 
enhancement (ADE) of porcine reproductive and respiratory syndrome virus (PRRSV) 
infection in pigs. Viral Immunol. 9, 51-63. 
Yoon, K.J., Zimmerman, J.J., Chang, C.C., Cancel-Tirado, S., Harmon, K.M., McGinley, 
M.J., 1999. Effect of challenge dose and route on porcine reproductive and respiratory 
syndrome virus (PRRSV) infection in young swine. Vet. Res. 30, 629-638. 
Zhou, L., Ni, Y.Y., Pineyro, P., Sanford, B.J., Cossaboom, C.M., Dryman, B.A., Huang, 
Y.W., Cao, D.J., Meng, X.J., 2012. DNA shuffling of the GP3 genes of porcine 
reproductive and respiratory syndrome virus (PRRSV) produces a chimeric virus with an 
improved cross-neutralizing ability against a heterologous PRRSV strain. Virology 434, 
96-109. 
168 
 
Zhu, L., Feng, Y., Zhang, G., Jiang, H., Zhang, Z., Wang, N., Ding, J., Suo, X., 2016. 
Brucella suis strain 2 vaccine is safe and protective against heterologous Brucella spp. 
infections. Vaccine 34, 395-400. 
Zimmerman, J.J., Benfield, D.A., Dee, S.A., Murtaugh, M.P., Stadejek, T., Stevenson, 
G.W., Torremorell, M., 2012. Porcine reproductive and respiratory syndrome virus 
(porcine arterivirus), in: Zimmerman, J.J., Karriker, L.A., Ramirez, A., Schwartz, K.J., 
Stevenson, G.W. (Eds.), Diseases of swine, 10th ed. John Wiley & Sons, Inc., Ames, IA, 
pp. 461-486. 
Zuckermann, F.A., 1999. Extrathymic CD4/CD8 double positive T cells. Vet. Immunol. 
Immunopathol. 72, 55-66. 
Zuckermann, F.A., Garcia, E.A., Luque, I.D., Christopher-Hennings, J., Doster, A., Brito, 
M., Osorio, F., 2007. Assessment of the efficacy of commercial porcine reproductive and 
respiratory syndrome virus (PRRSV) vaccines based on measurement of serologic 
response, frequency of gamma-IFN-producing cells and virological parameters of 
protection upon challenge. Vet. Microbiol. 123, 69-85. 
 
